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General Considerations

« Computational Features/Limitations of the LMTD Method:

» The LMTD method may be applied to design problems for which the fluid
flow rates and inlet temperatures, as well as a desired outlet temperature,
are prescribed.

» For a specified HX type, the required size (surface area), as well as the
other outlet temperature, are readily determined.

» If the LMTD method is used in performance calculations for which both
outlet temperatures must be determined from knowledge of the inlet
temperatures, the solution procedure Is iterative.

» For both design and performance calculations, the effectiveness-NTU
method may be used without iteration.



LMTD Method
Q=UA AT,

The procedure to be followed by the selection process is:

1. Select the type of heat exchanger suitable for the application.

2. Determine any unknown inlet or outlet temperature and the heat transfer rate
using an energy balance.

3. Calculate the log mean temperature difference T,,, and the correction factor F, if
necessary.

4. Obtain (select or calculate) the value of the overall heat transfer coefficient U.

5. Calculate the heat transfer surface area A, .



The Effectiveness —- NTU Method

4 In an attempt to eliminate the iterations from the solution of such
problems, Kays and London came up with a method in 1955
called the effectiveness—NTU method, which greatly simplified
heat exchanger analysis.

4 This method is based on a dimensionless parameter called the
heat transfer effectiveness, defined as

&, Actual heat transfer rate

O Maximum possible heat transfer rate

£



The actual heat transfer rate in a heat exchanger can be determined
from an energy balance on the hot or cold fluids and can be
expressed as
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where C. = m.C,. and C, = m.C,, are the heat capacity rates of the cold and
the hot fluids, respectively.
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Definitions

» Heat exchanger effectiveness : ¢
q

qmax

E =

0<e<l

« Maximum possible heat rate :
qmax — Cmin (Th,i _Tc,i )

C, ifC, <C,
C. . =

min

or

C. ifC,<C,

c

» Will the fluid characterized by C.;, or C_.., experience the largest
possible temperature change in transit through the HX?

» Why is C_;. and not C__, used In the definition of g, ., ?

max
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For a parallel-flow heat exchanger can be rearranged as
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Effectiveness relations of the heat exchangers typically involve the

dimensionless group UA, /C...
This quantity is called the number of transfer units NTU and is

expressed as

A [FA,

NTIL = —— =
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In heat exchanger analysis, it is also convenient to define another
dimensionless quantity called the capacity ratio c as

- ML

= max

e = ftunction (DA MC e Chin M0 mas) = function (NTLU, ¢)



TABLE 13-4

Effectiveness relations for heat exchangers: NTU = UA./C,,;, and
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1C ) imC o). (Kays and London, Ref. 5.)

Heat exchanger

type

Effectiveness relation

1 Double pipe:
Parallel-flow

Counter-flow

2 Shell and tube:
One-shell pass
2.4 ... tube
passes

1 —exp [-NTU(1 + ¢)]
1+ ¢

Il —exp [-NTU(1 — c)]

l —cexp [-NTU(1 — c)]

1 + exp [-NTUVT + c21]
1 —exp [—NTUN1 + =]

e=291+c+ 1+ c2



TABLE 13-4

Effectiveness relations for heat exchangers: NTU = UA./C,,;,, and
C = CrinCnax = (M) i/ (mCL) e (Kays and London, Ref. 5.)

Heat exchanger

type Effectiveness relation

3 Cross-flow
(single-pass)
Eoth fluids CNTLO-22 '
unmixed e =1 — exp { = [exp (—c NTUSE) — 1] }
C e Mixed, 1 ' '
Cin UNmixed e =—=(1 —exp{l—cll — exp (—NTUJID
Crnin Mxed, C -
e UNMIxed e =1 — exp { —oll —exp(—c HTU]]}

4 Al heat ' '
exchangers g =1 —exp(—NTL)

with ¢ = 0



Counter-flow

Cross-tlow with

both fluids unmixed

/ﬂ

Parallel-tlow

(forec=1)

I
1 2 3 4
NTU = UA,/C

min

]
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Effectiveness £, %

t Shell fluid

T a4 5
MNumber of transfer units NTU =A_LVC_.

() Parallel-tlow
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e Tube fluid

| 2

3 4

MNumber of transfer units NTU = A_LVC .

() One-shell pass and 2, 4, 6, ...

tube passes
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TABLE 13-5

MTLU relations for heat exchangers NTU = UA./C,,;, and ¢ = Ci, /Cnax =
(MC, ) min/ (MC, )nax (Kays and London, Ref. 5.)

Heat exchanger type MNTL relation
1 Double-pipe: .
parallel-flow NTU = —ntl— et + c)]
1+ ¢
Counter-flow NTU = —& _In ( e — 1 J
c—1 ec— 1
2 Shell and tube: . N
One-shell pass NTU = — J,l—z In [EEE 1 —c \'fl_l_—*:‘?)
2,4, ...tube passes vl + ¢ 2le— 1 —c+ W1+ 2
3 Cross-flow (single-pass) .
C. mixed, NTU = —In [1 n ”E E‘:}]

i Unmixed

C .. mixed, )
Crnax Unmixed NTU = _nleln flc &) + 11
e e Schansers NTU = —In(l — &)

with ¢ = 0




Example

A counter-flow double-pipe heat exchanger is to heat water from 20°C
to 80°C at a rate of 1.2 kg/s. The heating is to be accomplished by
geothermal water available at 160°C at a mass flow rate of 2 kg/s. The
iInner tube Is thin-walled and has a diameter of 1.5 cm. If the overall
heat transfer coefficient of the heat exchanger is 640 W/m2 .°C,
determine the length of the heat exchanger required to achieve the
desired heating.

Hoit
geocthermal | 1607C
brine l
Cold 2kg/s [
water
—a=f] 1 L -
| B0C

20°C ..
1.2 kefs TJ == 1.5 cm




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. There is no fouling.

5. Fluid properties are constant.



Analysis |n the effectiveness—NTU method, we first determine the heat capac-
ity rates of the hot and cold fluids and 1dentify the smaller one:

C, = m,Cpy, = (2 kg/s)i4.31 kl/kg - °C) = B.62 KW/°C
C.=m.Cp. = (1.2 kg/s)(4.18 kl/kg - °C) = 5.02 kW/°C
Therefore,
C_.. = C.=3502kW/rC
and
C = Coin/Crax = 3.02/8.62 = 0.583

Then the maximum heat transfer rate I1s determined from Eq. 13-322 to be

{-.:.'rnﬂ.'r. = Emin{T}:-in T T.:,in}
= (5.02 KW/ACH 160 — 200°C
= TJ02.8 KW



That i1s, the maximum possible heat transfer rate in this heat exchanger is
F02.8 KW. The actual rate of heat transfer in the heat exchanger iIs

1;':!' = [MCAToue — Tin)lwarer = (1.2 Kkg/5)(4.18 kl/kg - "C)H(80 — 20)°C= 301.0 kW
Thus, the effectiveness of the heat exchanger I1s

o C  301.0KW _

Q...  TO2.8KW

0428

Knowing the effectiveness, the NTU of this counter-flow heat exchanger can be
determined from Figure 13-2&6 or the appropriate relation from Table 13-5.

We choose the latter approach for greater accuracy:

1 ‘e — 1Y 1 | 0.428 — 1 Vo
“IU_E—]l“{Ef‘— 1]'_1:}.533—11“'[&423 = 0583 — 1]'_':}'65'

L & L &

Then the heat transfer surface area becomes

_ va, o _ NTU G _ (0.651)(5020 W/°C) _ _
 Cn : = L -~ es0W/mz.°c ™

To provide this much heat transfer surface area, the length of the tube must be

- A 511lm®
A =l —— L_Trﬂ_ﬂ'r{'[}.'[}lﬁm}_“m i




Compact Heat Exchangers

« Analysis based on € — NTU  method

« Convection (and friction) coefficients have been determined for selected
HX cores by Kays and London. Proprietary data have been obtained by
manufacturers of many other core configurations.

* Results for a circular tube-continuous fin HX core:

! 0.030 jh — StPr2/3
| St=h/Gc,

0.008 | Tube outside diameter, D, = 10.2mm
Tit Fin pitch = 315 per meter

0.006 Flow passage hydraulic diameter, D, = 3.63 mm

‘ Fin thickness = 0.330 mm

Free-flow area/frontal area, o = 0.534
Heat transfer area/total volume, & = 587 m%/m?
Fin area/total area = 0.913
Note: Minimum free-flow area is in spaces transverse to flow.

G = pvmax

0.004
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Results for a circular tube-continuous fin HX core
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Tube outside diameter, D, = 10.2mm
Fin pitch = 315 per meter

Flow passage hydraulic diameter, D, = 3.63 mm max
Fin thickness = 0.330 mm

Free-flow area/frontal area, o = 0.534

Heat transfer area/total volume, o = 587 m?/m
Fin area/total area = 0.913

Note: Minimum free-flow area is in spaces transverse to flow.

3

4 6 8 103 2 3 4 6 8 10%

Reynolds number, Re




Problem 11.28: Use of twin-tube (brazed) heat exchanger to heat air
by extracting energy from a hot water supply.

10 mm

VN

:' e —» | Water

\\—// Brazed joint
FE= < || e <—— Air

< 30 mm -

KNOWN: Counterflow heat exchanger formed by two brazed tubes with prescribed hot and
cold fluid inlet temperatures and flow rates.

FIND: Outlet temperature of the air.

SCHEMATIC:

Dy =10mwmm
Nickel tubes, += .me, Kf__ =100W/fm-K

L=40m

.D2=30mm (O

Waterd
’—/’E”'t/‘/s‘?ﬂ— = 0.04Kgq/s
Tx = O.22Kq/s
T_>x / 7

7.i=23°C




Problem: Twin-Tube Heat Exchanger (cont.)

ASSUMPTIONS: (1) Negligible loss/gain from tubes to surroundings, (2) Negligible
changes in kinetic and potential energy, (3) Flow in tubes is fully developed since L/Dy, = 40
m/0.030m = 1333.

PROPERTIES: Table A-6, Water (T;, = 335 K): ¢y, = Ccpn = 4186 J/kg-K, pn = 453 x 10°
N-s/m?, k = 0.656 W/m-K, Pr = 2.88; Table A-4, Air (300 K): c. = Cpc = 1007 J/kg-K, pn =
184.6 x 107" N-s/m?, k = 0.0263 W/m-K, Pr = 0.707; Table A-1, Nickel (T = (23 + 85)°C/2 =
327 K): k =88 W/m-K.

ANALYSIS: Using the NTU - € method, from Eq. 11.30a,

_ 1-exp[-NTU(1-Cy) ]|
“T1-Crexp [-NTU(1-Cy) ]

NTU=UA/Cmin  C;=Cpmin/Crmax. (1,2,3)

and the outlet temperature is determined from the expression

£=Cc¢(Tc,0—Te,i )/ Crmin (Th,i —Te,i )- (4)

From Eq. 11.1, the overall heat transfer coefficient is

1 _ 1 1.1
UA  (70hA),  KiL  (mohA),

()

Since circumferential conduction may be significant in the tube walls, n, needs to be evaluated for each of the tubes.



Problem: Twin-Tube Heat Exchanger (cont.)

The convection coefficients are obtained as follows:
Water-side: Rep = 4Mp _ 4>0.04 kg/sé 5
7D 7x0.010mx453x10 °N-s/m

=11,243.

The flow is turbulent, and since fully developed, the Dittus-Boelter correlation may be used,

Nu,, =hnD/k =0.023Re%8 Pr0-3 = 0.023(11,243)°% (2.88)° =54.99
hp, =54.99%0.656 W/m-K/0.0lm = 3,607 W/m? - K.
Air-side: Rep — 4meg 4%0.120 kg /s

7D 7x0.030mx184.6x10"' N-s/m?
The flow is turbulent and, since fully developed,

= 275,890.

Nu, =h¢D/K =0.023Re%® Pro4 — 0.023(275,890)°-% (0.707)>* = 450.9

he = 450.9x0.0263 W/ m-K /0.030m =395.3 W/m? -K.

Water-side temperature effectiveness: Ap =7zDpL =7(0.010m)40m =1.257 m?

To.h = 1. = tanh (mLp, )/ mLy, m :(th/kA)l/2 —(hp /kt)H2

)1/ 2

m:(3607 W/m2.K/88 W/m-Kx0.002m) ~ =143.2m™L



Problem: Twin-Tube Heat Exchanger (cont.)

With L, = 0.5 Dy, Nop = tanh(143.2 m™ x 0.5 7t x 0.010m)/143.2 m™* x 0.5 © x 0.010 m =
0.435.

Air-side temperature effectiveness: A, = ntD.L = 7(0.030m)40m = 3.770 m?

1/2 1
) =47.39m

o,c =77 ¢ = tanh(mL¢)/mLe m =(395.3 W/m? - K/88 W/m- K x0.002m

With L. = 0.51tD¢, Noc = tanh(47.39 m™ x 0.5 © x 0.030m)/47.39 m™ x 0.5 © x 0.030m =
0.438.

Hence, from Eqg. (5) the UA product is

1 1 1 1
2

= + +
UA  0.435x3607 W/m?2-Kx1.257m2 100 W/m-K(40m) (.438x395.3 W/m?2 -K x3.770m?

-1
UA — [5.070><10—4 +250x104 +1.533><10—3] W/ K =437 W/K.
With

Cp, = MpCh = 0.040Kg/sx 4186 J/Kkg-K =167.4 W/ K < Cpax

Cc = MeCe = 0.120kg /sx1007 J/kg-K =120.8 W/ K <— Cmin } Cr =Cmin/Cmax =0.722

NTU - YA _ 43T WIK _ o,

Cmin 120.8 W/K




Problem: Twin-Tube Heat Exchanger (cont.)

and from Eq. (1) the effectiveness is

1—exp[—3.62(1-0.722) |

&= = 0.862
1-0.722 exp[ —3.62(1-0.722) |
Hence, from Eq. (4), with Cin = Cq,
Cc(Te o —23°C
0.862 = e(Te.o ) Te o = 76.4°C <

Cc(85—23)°C
COMMENTS: (1) Using the overall energy balance, the water outlet temperature is
Th,o =Th,i +(Cc/Ch)(Te,0 — Te,i ) =85°C —0.722(76.4 — 23)°C = 46.4°C.

(2) To initially evaluate the properties, we assumed that T;, ~ 335 Kand T, ~ 300 K. From
the calculated values of Ty, and T¢,, more appropriate estimates of T, and T, are 338 K and

322 K, respectively. We conclude that proper thermophysical properties were used for water
but that the estimates could be improved for air.



Problem: Heat Transfer Enhancement

Problem 11.65: Use of fluted spheres and solid spheres to enhance the performance
of a concentric tube, water/glycol heat exchanger.

Solid
spheres

s .;Et'h/ylene glypoif

mp, Th. i

Fluted
spheres

KNOWN: Flow rates and inlet temperatures of water and glycol in counterflow heat
exchanger. Desired glycol outlet temperature. Heat exchanger diameter and overall heat

transfer coefficient without and with spherical inserts.

FIND: (a) Required length without spheres, (b) Required length with spheres, (c)
Explanation for reduction in fouling and pump power associated with using spheres.

SCHEMATIC:
A/ Th,i = 100°C

Th.o = 40°C
mp = 0.5 kg/s

Tei= 159C =
M¢e = 0.5 kg/s Di = 0.075 m



Problem: Heat Transfer Enhancement (cont.)

ASSUMPTIONS: (1) Negligible kinetic energy, potential energy and flow work changes,
(2) Negligible heat loss to surroundings, (3) Constant properties, (4) Negligible tube wall
thickness.

PROPERTIES: Table A-5, Ethylene glycol (Tp =70°C): ¢y = 2606 J/kg-K; Table A-6,
Water (Te ~35°C): Cpc = 4178 J/kg-K.

ANALYSIS: (a) With Cj, = Cpin = 1303 W/K and C. = Crax = 2089 W/K, C, = 0.624. With
actual and maximum possible heat rates of

q=Ch (Th,i — Th,0 ) =1303 W/K (100 —40)°C = 78,180 W
dmax = Cmin (Th,i — Tc,i ) =1303 W/ K (100-15)°C =110,755 W

the effectiveness is € = g/qmax = 0.706. From Eq. 11.30b,

NTU = L In e-1 —_2.66 |n[0'294j:1.71
Cr—1 |eCr-1 0.559

Hence, with A = DL and NTU = UA/Cin,
L Cmin NTU _ 1303 W/Kx1.71
7DijU  £(0.075m)1000 W/m?.K

=9.46m

(b) Since m¢ mp Th i Th o and T¢ j are unchanged, C;, € and NTU are unchanged. Hence,

with U = 2000 W/m?-K,
L =4.73m <



Problem: Heat Transfer Enhancement (cont.)

(c) Because the spheres induce mixing of the flows, the potential for contaminant build-up on
the surfaces, and hence fouling, is reduced. Although the obstruction to flow imposed by the
spheres acts to increase the pressure drop, the reduction in the heat exchanger length reduces
the pressure drop. The second effect may exceed that of the first, thereby reducing pump
power requirements.

COMMENTS: The water outlet temperature is Tc,0 = T.; + g/C. = 15°C + 78,180 W/2089
W/K = 52.4°C. The mean temperature (T =33.7°C) is close to that used to evaluate the

specific heat of water.
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