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Chap 13 Heat Exchangers

Review Problems

13-111 Hot oil is cooled by water in a multi-pass shell-and-tube heat exchanger. The overall heat transfer
coefficient based on the inner surface is to be determined.

Assumptions 1 Water flow is fully developed. 2 Properties of the water are constant.
Properties The properties of water at 300 K ~25°C are (Table A-9)
k =0.607W/m.°C
v=pul p=0894x10"° m?/s
Pr=6.14

Analysis The Reynolds number is

_VypD  (3m/s)(0.013m)

Re s 5, =43771
v 0.894x10™° m*“/s
which is greater than 10,000. Therefore, we assume fully Outer surface
developed turbulent flow, and determine Nusselt number from Do, Ao, Mo, Uo
Nu = 0.023Re*® Pr®*0.023(43,771)%%(6.14)** = 245 Inner surface
Di, A hi, U
and
h = K Ny = Q8OTWIMEC 5 1) _ 11 420Wim? oC
D 0.013m
The inner and the outer surface areas of the tube are
A =D, L = £(0.013 m)(1 m) = 0.04084 m?
A, = 1D, L = 1(0.015 m)(1 m) = 0.04712 m?
The total thermal resistance of this heat exchanger per unit length is
R 1 N In(DolDi)+ 1
hy A 27KL hy A,
B 1 . In(1.5/1.3) . 1
(11,440 W/m? °C)(0.04084m?)  2z2(110W/m°C)(Im)  (35W/m?2.°C)(0.04712m?)

=0.609°C/W

Then the overall heat transfer coefficient of this heat exchanger based on the inner surface becomes

1 1 1
—_

_t == 5~ =40.2 Wm?.°C
UA RA  (0.609°C/W)(0.04084m?)

R =
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Chap 13 Heat Exchangers

13-112 Hot oil is cooled by water in a multi-pass shell-and-tube heat exchanger. The overall heat transfer
coefficient based on the inner surface is to be determined.

Assumptions 1 Water flow is fully developed. 2 Properties of the water are constant.
Properties The properties of water at 300 K ~25°C are (Table A-9)
k =0.607W/m.°C
v=ul p=0894x10"° m?/s
Pr=6.14

Analysis The Reynolds number is

VD (3m/s)(0.013m)
v 0.894x10° m%/s

which is greater than 10,000. Therefore, we assume fully

Re =43771

Outer surface

developed turbulent flow, and determine Nusselt number from Do, Ao, o, Uo
Inner surface
_ 0.8 0.4 0.8 04 _
Nu =0.023Re™° Pr=" 0.023(43,771)"°(6.14)~" =245 D, A, h;, U
and
h, = k Nu = M(ma =11,440W/m?.°C
D 0.013m

The inner and the outer surface areas of the tube are
A =D, L = 1(0.013 m)(1 m) = 0.04084 m?
A, = D, L = 1(0.015 m)(1 m) = 0.04712 m?
The total thermal resistance of this heat exchanger per unit length of it with a fouling factor is
1 |n(D0/D|) Rf’o 1
= + + +
mA 2l A hoA

3 1 In(15/13)
(11440 W/m?.°C)(0.04084m?)  27(110W/m.°C)(1m)
. 0.0004m?.°C/W .\ 1
0.04712m? (35W/m?2.°C)(0.04712m?)
=0.617°C/W
Then the overall heat transfer coefficient of this heat exchanger based on the inner surface becomes
Re—1 — U, =— = : —=39.7 Wim?.°C
U A RA,  (0.617°C/W)(0.04084m?)
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Chap 13 Heat Exchangers
13-113 Water is heated by hot oil in a multi-pass shell-and-tube heat exchanger. The rate of heat transfer
and the heat transfer surface area on the outer side of the tube are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 The overall heat
transfer coefficient is constant and uniform.

Properties The specific heats of the water and oil are given to be 4.18 and 2.2 kJ/kg.°C, respectively.

Analysis (a)The rate of heat transfer in this heat exchanger is
Q=m,C oh (Thin = Thout) = (3KY/S)(2.2 kJ/kg.°C)(130°C - 60°C) = 462 kW

(b) The outlet temperature of the cold water is

C Q 462 kW
=M.C . (T.. s —T.i )—>T. s =T.: +————=20°C+ =568°C
Q C pc( c,out c,m) c,out c,in m C (3 kg /S)(4.18 kJ / kg.OC)

it~ pc

The temperature differences at the two ends are

ATy =Ty jn — T o =130°C-56.8°C = 73.2°C Hot Oil
ATy =Thout = Tejin = 60°C—-20°C =40°C * éskoo/c
als
The logarithmic mean temperature difference is ﬂ
e
AT,~AT,  732-40 )
ATimcr = = =54.9°C ( |}
‘ In(AT, / AT,) In(73.2/40) Cold Water
20°C —moe )
and 3 kgls u
_ _ (20 tube passes)
_bL-t  568-20 0335 +
T, -t 130-20

F =096 o
T,-T, 130-60 60°C

R= = =1.90
t,—t, 56.8-20

The heat transfer surface area on the outer side of the tube is then determined from

Q _ 462 kW —29.2 m?
UFAT,,  (0.3kW/m?.°C)(0.96)(54.9°C)

Q =UA,FAT,, A =
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Chap 13 Heat Exchangers

13-114E Water is heated by solar-heated hot air in a double-pipe counter-flow heat exchanger. The
required length of the tube is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 The overall heat
transfer coefficient is constant and uniform.

Properties The specific heats of the water and air are given to be 1.0 and 0.24 Btu/lbm.°F, respectively.

Analysis The rate of heat transfer in this heat exchanger is

Q =MyC py (Thin —Thour) = (0.7 1bm/s)(0.24 Btw/lbm. °F)(190°F —135°F) = 9.24 Btuls

The outlet temperature of the cold water is

C Q 9.24 Btu/s
=m.C o Teout —Tein) —— Teout = Tein +——— = 70°F + =96.4°F
Q=McCpe(Teou ~Tem) cout e T C e (0.351bm/s)(1.0 Btwlbm. °F)
The temperature differences at the two ends are
ATy =Tpin —Teou =190°F—96.4°F = 93.6°F Cold V\;gteé
ATy =Thou = Tein =135°F-70°F = 65°F 0.35 Ibm/s
The logarithmic mean temperature difference is Hot Air
AT, —AT 6 C0°F
ATy, = L 2 __936-65 _ 78.43°F 130°F
In(AT, /AT,) In(93.6/65) 0.7 lbm/s

The heat transfer surface area on the outer side
of the tube is determined from

Q _ 9.24 Btu's B
UAT,,  (20/3600Btuss.ft? °F)(78.43°F)

21.21ft?

Q =UAAT,, A =

Then the length of the tube required becomes

A 21ft?
A DL L=t 220 0
D 7(0.5/12ft)

13-115 It is to be shown that when AT, = AT, for a heat exchanger, the AT, relation reduces to AT, = AT,
= ATZ

Analysis When AT, = AT,, we obtain
AT, — AT.
Al = - 2= 9
In(AT,/AT,) O

This case can be handled by applying L'Hospital's rule (taking derivatives of nominator and denominator
separately with respect to AT, or AT, ). That is,

_ d(AT,-AT,)/dAT, 1
™ d[IN(AT, / AT,)]/dAT, 1/AT,
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Chap 13 Heat Exchangers

13-116 Refrigerant-134a is condensed by air in the condenser of a room air conditioner. The heat transfer
area on the refrigerant side is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 The overall
heat transfer coefficient is constant and uniform.

Properties The specific heat of air is given to be 1.005 kJ/kg.°C. R-134a
Analysis The temperature differences at the two ends are \ 40°C

AT, =Ty~ T, o =40°C—35°C =5°C %

ATy =Ty oyt — Tejn =40°C-25°C=15°C .

Air
The logarithmic mean temperature difference is 25°C O Q) %) 350C
O X O—
AT, = AT, —4T, _ 5-15 _ 91°C ] %)
In(4T, / 4T,) _ In(5/15) i Qz\ Qo\

The heat transfer surface area on the outer side
of the tube is determined from

O —UAAT, Ao Q (15,000/32600) KW e 2
UAT,,  (0.150 kW/m? .°C)(9.1°C)

13-117 Air is preheated by hot exhaust gases in a cross-flow heat exchanger. The rate of heat transfer is to
be determined.

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 The overall heat
transfer coefficient is constant and uniform.

Properties The specific heats of air and combustion gases are given to be 1.005 and 1.1 kJ/kg.°C,
respectively.

Analysis The rate of heat transfer is simply

Q =[MC p (Tin —Toutgas, = (L.1kg/s)(L.1kI/kg.°C)(180°C ~95°C) = 102.9 kW
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Chap 13 Heat Exchangers

13-118 A water-to-water heat exchanger is proposed to preheat the incoming cold water by the drained hot
water in a plant to save energy. The heat transfer rating of the heat exchanger and the amount of money
this heat exchanger will save are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible.

Properties The specific heat of the hot water is given to be 4.18 kJ/kg.°C.

Analysis The maximum rate of heat transfer is

. Cold Water

Qmax :thph (Th,in _Tc,in) 14°C
=(8/60kg/s)(4.18 kJ/kg.°C)(60°C — 14°C) Hot water
Noting that the heat exchanger will recover 72% 8685/2

of it, the actual heat transfer rate becomes

Q = &Quuy = (0.72)(256 ki /' s) =18.43 kW

which is the heat transfer rating. The operating hours per year are
The annual operating hours = (8 h/day)(5 days/week)(52 week/year) = 2080 h/year
The energy saved during the entire year will be
Energy saved = (heat transfer rate)(operating time)
= (18.43 kJ/s)(2080 h/year)(3600 s/h)
=1.38x108 kJ/year

Then amount of fuel and money saved will be

Fuel saved =

Energysaved  1.38x10% ki/year (" 1therm
Furnace efficiency 0.78 105,500kJ
=1677 therms/yer

Money saved = (fuel saved)(the price of fuel)
= (1677 therms/year)($ 0.54/therm) = $906/year
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Chap 13 Heat Exchangers

13-119 A shell-and-tube heat exchanger is used to heat water with geothermal steam condensing. The rate
of heat transfer, the rate of condensation of steam, and the overall heat transfer coefficient are to be
determined.

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 Fluid properties
are constant.

Properties The heat of vaporization of geothermal water at 120°C is given to be hy = 2203 kJ/kg and
specific heat of water is given to be C, = 4180 J/kg.°C.

Analysis (a) The outlet temperature of the water is

Tc,out = Th,out —-46=120°C—-46°C =74°C + Steam
120°C

Then the rate of heat transfer becomes ’]

Q = [mC p (Tout - Tin )]water :’ -

= (3.9 kg/s)(4.18 k/kg.°C)(74°C — 22°C)

=847.7 kW
(b) The rate of condensation of steam is determined from 220G
Q=(mh fg )geothermal Water
steam 14 tubes LJ 3.9 kg/s

847.7 KW = m(2203kJ/kg) — > = 0.385 kg/s 120°C *

(c) The heat transfer area is
A, =nzD,L =147(0.024m)(3.2m) = 3.378m?

The logarithmic mean temperature difference for counter-flow arrangement and the correction factor F are
ATy =Thin —Teou =120°C—74°C = 46°C
ATy =Tp ot = Tein =120°C—22°C = 98°C

In(AT,/AT,)  In(46/98)

ATIm,CF =

p_toti _ 74-22
T, -t 120-22
T,-T, 120-120

R= = =0
t,—t, 74-22

=0.53

Then the overall heat transfer coefficient is determined to be

Q 847,700 W

_ - - =3648 W/m 2 .°C
AFAT e (3.378m?)(1)(68.8°C)

Q=U;AFAT Ui
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Chap 13 Heat Exchangers
13-120 Water is heated by geothermal water in a double-pipe counter-flow heat exchanger. The mass flow
rate of the geothermal water and the outlet temperatures of both fluids are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 The overall heat
transfer coefficient is constant and uniform.

Properties The specific heats of the geothermal water and the cold water are given to be 4.25 and 4.18
kJ/kg.°C, respectively.

Analysis The heat capacity rates of the hot and cold fluids are
Ch = thph = mh (425kJ/kg°C) = 425mh

C; =m.C e =(1.2kg/s)(4.18 ki/kg.°C) = 5.016 kW/°C Cold Water
12°C
Chin =C, =5.016 KW/°C 1.2 kgls +
Geothermal
and c- Chin _ 5.016 _ 1.1802 water
C 4.25m m
max h h QE‘E

The NTU of this heat exchanger is

UA,  (0.480kW/m?.°C)(25m?)
Crmin 5.016 kW/°C

NTU = =2.392

Using the effectiveness relation, we find the capacity ratio

oo 1-exp[- NTU@L-C)] 0.823< 1-exp[-2.392(1-C)]
~ 1-Cexp[-NTU(1-C)] T 1-Cexp[-2.392(1-C)]

C=0.494

Then the mass flow rate of geothermal water is determined from

1.1802 0.494 — 1.1802

my mp

C:

——m, =2.39kg/s

The maximum heat transfer rate is
Qmax = Crmin (Thin —Tein) = (5.016KW/°C)(95°C -12°C) = 416.328 kW
Then the actual rate of heat transfer rate becomes
Q = &Qpx = (0.823)(41.328kW) = 342.64 kW
The outlet temperatures of the geothermal and cold waters are determined to be
Q=C¢(Teou —Tein) — 342,64 kW = (5.016 KW/°C)(T, oy —12) —> T o = 80.3°C

Q = thph (Th,in _Th,out)
342.64 KW = (2.39kg/s)(4.25 kI/kg.°C)(95— T}, e ) ——> Thout =61.3°C
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Chap 13 Heat Exchangers

13-121 Air is to be heated by hot oil in a cross-flow heat exchanger with both fluids unmixed. The
effectiveness of the heat exchanger, the mass flow rate of the cold fluid, and the rate of heat transfer are to
be determined.

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 The overall heat
transfer coefficient is constant and uniform.

Properties The specific heats of the air and the oil are given to be 1.006 and 2.15 kJ/kg.°C, respectively.
Analysis (a) The heat capacity rates of the hot and cold fluids are
Cy =m,Cp, =0.5m (2.15kJ/kg.°C) =1.075m,

C, =,C e =M, (1.006kJkg.°C) = 1.006m, N 88!'0
Therefore, C,, =C, =1.006m, %
Chin  1.006mM,

and - C=g  “lomm % Air 7]
. m,
max c 18°C

—= 58°C

& &

The effectiveness of the heat
exchanger is determined from L

&= Q _ Cc (Tc,out _Tc,in) _ 58-18
Qmax Cc (rh,in _Tc,in) 80-18
(b) The NTU of this heat exchanger is expressed as

UA;  (0.750kW/°C)  0.7455
Crmin  1006m,  m

Yo
Yo

2
P OO

=0.645

NTU =

C
The NTU of this heat exchanger can also be determined from
_In[CIn@i-¢)+1] _ In[0.936xIn(1-0.645)+1]

NTU = =3.724
C 0.936
Then the mass flow rate of the air is determined to be
UA . °
NTU=—— 53724= (0.750 kW/ 9 m, =0.20 kg/s
Chin 1.006m,

(c) The rate of heat transfer is determined from

Q=M.C pe (Teout ~Tein) = (0-20kg/s)(1.006 k/kg.°C)(58-18)°C = 8.05 kW
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Chap 13 Heat Exchangers

13-122 A water-to-water counter-flow heat exchanger is considered. The outlet temperature of the cold
water, the effectiveness of the heat exchanger, the mass flow rate of the cold water, and the heat transfer
rate are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 The overall heat
transfer coefficient is constant and uniform.

Properties The specific heats of both the cold and the hot water are given to be 4.18 kJ/kg.°C.
Analysis (a) The heat capacity rates of the hot and cold fluids are
Cp, =m,,C, =1.5m, (4.18kJ/Kg.°C) = 6.27m, V\Slacile?
C. =m.C . =M, (4.18kikg.°C) = 4.18m,

20°C

. Hot water
Therefore, C.,;, =C, =4.18m, 95°C
. ——
and C:M:m:o,em
Chax  6.27m,

The rate of heat transfer can be expressed as

Q = Cc (rc,out _Tc,in ) = (4-18mc)(Tc,out - 20)
Q=Cp(Thin —Thou) = (6.27M )95~ (T, o +15)] = (6.271M; )(B0—T¢ )

Setting the above two equations equal to each other we obtain the outlet temperature of the cold water
Q = 4.18mM (T, oy —20) = 6.27mM (80T, gy ) —> Te oyt = 56°C
(b) The effectiveness of the heat exchanger is determined from

o= Q _ Ce (Tc,out _Tc,in) _ 4.18m, (56—-20) 048
Qmax Cc (Th,in _TC,in ) 4.18mC (95— 20)

(c) The NTU of this heat exchanger is determined from

NTU =+ |n(‘5‘1)= ! In( 0.48-1 j:o.sos
C-1 «-1) 0667-1 048x0.667—1

Then, from the definition of NTU, we obtain the mass flow rate of the cold fluid:

UA : o
_ A L 0go5- LA0OKWEC m, =0.416 kg/s

Conin 4.18m,

NTU

(d) The rate of heat transfer is determined from

Q =MC e (Toou —Tein) = (0.416 kg/s)(4.18 ki/kg.°C) (56 — 20)°C = 62.6 kW

13-123 ... 13-129 Design and Essay Problems
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