CHAPTER 5

Double-Pipe Heat Exchangers

5.1 INTRODUCTION

The simplest form of heat exchanger is the double-pipe, as shown in Figure 5.1a. It consists of two
pipes, one within the other, with the first fluid flowing in the central pipe and the second fluid flowing
in the annulus. In practice the normal arrangement is to have the inner tube in two parts joined by a
U-bend, each part being jacketed by a larger concentric tube, as illustrated in Figure 3.1b. This
reduces the overall space requirement while maintaining the capability for countercurrent flow.

The U-tube double-pipe heat exchanger may be constructed from plain tubes, but the design s
particularly well suited to the addition of longitudinal fins to the outside surface of the inner tube,
thereby increasing the heat transfer coefficient in the annulus. This feature was first introduced in
1044 (De Lorenzo and Anderson, 1944} and is now common in plant applications. Since then, the
design range of double-pipe heat exchangers has been increased to include multitube finned bundles,
which replaced the single-finned tube (Guy, 1978). Various proprictary design methods are offered by
suppliers, but in the following sections a simple procedure is presented for assessing the performance
of basic units. :

5.2 MECHANICAL DESIGN

52.1 Double-Pipe Straight Tube Heat Exchangers

The double-pipé straight tube heat exchanger, consisting of two coaxial pipes, is simple to fabricate
and relatively easy to clean, maintain, or modify. However, it takes up a lot of space and single umts
have limited thermal capacity. Heat exchangers of this type are sometimes made “in-house™ for
specific small scale applications, but most double-pipe heat exchangers are purchased from specialist
manufacturers who provide a wide range of designs, including straight tubes, U-tubes, and multiple

units.

5.2.2 Double-Pipe U-Tube Heat Exchangers

Units of this type, as shown in Figure 5.1, are designed so that the U-tube can be withdrawn from
the shells for cleaning and maintenance, There s a removable shell cover at the U-bend end and a
bolted fange, A, at the head end, as shown in Figure 3.2 The tube I held by a split ring, B, that can
be extracted after unbolting the flange to allow the tube to slide through the shell in the direction of
the U bend, or tail end. External connections are by removable flanges, C, that operate on the same
principle. The sealing ring between the tube and the shell is normally made from a compressible
metal, although other materials may be used when corrosive fluids are involved (Guy, 1983).

5.2.3 Multitube Units

In multitube units of the type shown in Figure 3.3 the tubes pass through and are sealed into a
perforated plate, called a tube sheet, at the head end. For low-pressure applications the tube sheet is
sealed by a single compressible ring that prevents leakage of both the tube- and shell-side fluids, in an
arrangement called a unihead. For high pressures, separated heads are employed as illustrated in
Figure 5.4. Here there is a separate sealing ring, A, against leakage of shell-side fluid and an
independent seal, B, against rube-side fluid leakage. As in the simple double-tube design, the
multitube head unit is arranged with split rings and flanges, to allow removal of the bundle (Guy
1983).

5.2.4 Fins
Fins are formed from strip metal, fabricated in the shape of a U and usually attached to the tube by
spot welding. Commonly used fin materials are carbon steel (with stainless-steel pipe), stainless steel,
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Fig. 5.1 Double-Pipe Heat Exchangers. (a) U-tube; (b) straight tube.

Fig. 5.3 Double-pipe exchanger. (Courtesy of Brown Fintube, Inc.)
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Fig. 54 Tube-side closure, multitube. Tube side, 34.5
MN/(m?-g) (5000 psig). (Courtesy of Brown Fintube,
Inc.)

and alloys. Fins made from brass or similar materials are usually soldered to copper, nickel, or
aluminum tubes. They have a limited temperature range and are not normally used above 250°C.

5.3 ADVANTAGES OF DOUBLE-PIPE HEAT EXCHANGERS

As described in Chapter 4, the potential range of application of double-pipe heat exchangers is wide.
They can be designed to operate at high pressures (up to 300 atm in the shell and 1400 atm in the
tubes) and at high temperatures (= 600°C), and they can be fabricated from standard modules and
are therefore relatively inexpensive.

Other factors that the designer will have in.mind when considering the merits of double-pipe
heat exchangers are listed in the following subsections.

5.3.1 Simplicity of Construction

For applications that require only a relatively small heat rating (e.g., < 1000 kW) and where heat
transfer enhancement is not necessary (e.g., liquid-to-liquid heat transfer), a double-pipe heat
exchanger with plain tubes may be advantageous because of simplicity of construction.

5.3.2 Ease of Access for Maintenance

The sealing of double-pipe heat exchangers is achieved by means of flanged joints and sealing rings as
already described. This allows the inner pipes to be disconnected from the shells and withdrawn for
cleaning, an advantage that applies both to plain and finned tubes.

5.3.3 Countercurrent Flow

The double-pipe heat exchanger permits pure countercurrent heat exchange in which the cold fluid
can be heated to a temperature above that of the hot fluid at exit. This eliminates the restriction of
“temperature approach” or “temperature cross” that applies to cocurrent, or multipass, systems (see
Chapter 3).

5.3.4 Feasibility of Finned Tubes

As previously noted, the double-pipe heat exchanger is particularly suitable for the application of
extended surface heat transfer enhancement in the form of fins. Fins are used when the shell-side
(i.e., annulus) heat transfer coefficient is poor; typically when the unfinned shell-side coefficient would
be less than half that of the tube side. This situation may occur when the fluid on the shell side is a
gas or a high-viscosity liquid.

5.3.5 High-Pressure Applications
For a given duty, a series of double-pipe heat exchangers will require much smaller shell diameters
than the equivalent shell-and-tube exchanger (normally the diameter ranges from 50 to 200 mm).
Because of this, the shell wall thickness is much smaller, and for high-pressure applications this may
be a significant factor in determining the cost and even feasibility.

Summarizing, the double tube is the simplest form of heat exchanger, with particular advantages
for small thermal loads and high-pressure applications. With the addition of fins to enhance the



shell-side heat transfer, it can be used as a module in the construction of parallel series and multitube
arrangements, covering a wide range of plant requirements.

5.4 THERMAL PERFORMANCE ASSESSMENT

5.4.1 Introduction

In this section the general relationships derived in Chapter 3 are applied to double-pipe heat
exchangers, and new equations applicable to parallel /series arrangements are introduced. The
configurations covered are as follows:

The double-pipe heat exchanger, either in the form of a straight tube or a U-tube
Parallel /series arrangements of double-pipe heat exchangers

Double-pipe heat exchangers with longitudinal fins

Multitube units

Double-pipe heat exchanger configurations, together with their equivalent thermal circuits, are
illustrated in Figure 5.5. As shown in Figure 5.5a the single unit, either as straight tube or U-tube, is
equivalent to the case of simple countercurrent flow described in Section 3.4.1 of Chapter 3, and the
equations developed there can be applied directly in the assessment of its thermal performance.
Parallel /series arrangements, however, represent a form of heat exchange not yet analyzed, namely, a
series of countercurrent flow units with one of the streams continuous and the other divided into two
parts as shown in Figure 5.5b and c.

It is important to remember that the parallel /series arrangements of double-pipe heat exchang-
ers differ thermally from the shell-and-tube heat exchanger arrangements analyzed in Section 3.4.3 of
Chapter 3. Shell-and-tube units involve combinations of countercurrent and cocurrent flow (see
Figure 3.6), and for this reason the equations that describe them differ from those applicable to
double pipes. Nevertheless, as we shall see, the same nondimensional parameters can be used in the
analysis of both types of heat exchanger.

5.4.2 Simple Double-Pipe Heat Exchanger

A U-tube double-pipe heat exchanger is shown diagrammatically in Figure 5.6a. The graph of the
fluid temperatures in Figure 5.6b illustrates the nomenclature to be employed, ie.,

Inlet temperature of hot fluid Ty
Outlet temperature of hot fluid o
Inlet temperature of cold fluid T
Qutlet temperature of cold fluid T oy

The dimensions of the tube and the shell within the heat transfer region are given as

Inner diameter of tube D,
Outer diameter of tube D,
Inner diameter of shell D,
Length £

The heat transfer coefficients on the inside and the outside of the tube are, respectively, «, and @y
The double-pipe heat exchanger is usually operated in the countercurrent flow mode illustrated
in Figure 5.4. When both fluids are single phase, the heat transfer can be calculated using the
equations derived in Chapter 3, remembering that they are based on the assumption of constant heat
transfer coefficients and constant specific heats.
The general expression for the total rate of heat transfer, (J, from one fluid to the other. is given
by Equations 3.30 and 3.31, i.e.

Q0 = UAAT (5.1)
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Fig. 5.5 Double-pipe heat exchanger configurations. (a) Straight tube or U-tube; (b) hot streams in series, cold in
parallel; (¢) hot streams in parallel, cold in series. = ‘indicates hot streams and — indicates cold streams.
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Fig. 5.6 Double-pipe heat exchanger: parallel/series arrangement.



Table 5.1. Heat Transfer at the Inner Surface of an Annulus the Outer Surface of which is Insulated,
for Fully Developed Laminar Velocity and Temperature Profiles

Inner diameter of annulus D

Outer diameter of annulus D,

Nusselt number at inner surface Nu,

Heat transfer coefficient at inner surface o, = Nu,A /D

For Uniform Heat Flux For Uniform Temperature
at the Inner Surface of the Inner Surface
D, /D Nu, D, /D, Nu,

i ]
0.05 17.81 (1.05 17.46
010 11.91 0.10 11.56
.20 8.50 0.25 7.37
0.40 .58 0.50 5.74
0.60 591 1.00 4.86
0.80 5.58
1.00 5.39

From Handbook of Heat Transfer, W. M. Rohsenow, 1. P. Hartonett, and E. N, Gani¢ (1985).
“A is the thermal conductiviry of the Auid flowing in the annulus and I, = D, — D,

Having calculated ATy,, from Equation 5.2 and U/ from Equation 5.5, these values can be inserted
into Equation 5.1 to give the total surface area required. Note that because U is based on [,, the
area calculated is that of the outside of the inner tube, ie.,

A=xDL (5.6)

When the fluid flow rates and the inlet and outlet temperatures are known, the estimation of the
required surface area of the heat exchanger is quite straightforward because (J can be derived
directly from

O=Mze, (T

e pehTo;oul

- T:r.m'] = thphl:?—h,m - ?_J'z.u.':-u:-j [5?}

where M_ = mass flow rate of the cold fluid (kg/second)

L

M, = mass flow rate of the hot fluid (kg/s)
¢, = specific heat capacity of the cold fiuid (j/kg K)
¢, = specific heat capacity of the hot fluid (jkg K

and AT|,, and U can be calculated directly from Equations 5.2 and 5.5. However, if the problem is
reversed and the area is given, but the fluid outlet temperatures are unknown, for example, in the
case where an existing heat exchanger is being considered for a new duty, then the basic equations
have to be rearranged to provide a solution that avoids iteration. This can be done in the following
way,

First the equation for the log mean temperature difference, AT, ,,, is expressed in terms of the
temperature ratio parameters, R and P, which were introduced in Chapter 3. These are

P — J‘P&‘ c
oo i L R [ (5.8)
IT;'.l:lul == T:.'.In fwhEph
and
T aut ?_Ii' 1
P = R S ' (5.9)

T.F:,ln =1

L,
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Table 5.1. Heat Transfer at the Inner Surface of an Annulus the Outer Surface of which is Insulated,
for Fully Developed Laminar Velocity and Temperature Profiles

Inner diameter of annulus D,

Outer diameter of annulus D,

Nusselt number at inner surface Nu,

Heat transfer coefficient at inner surface a; =Nu,AN/D}

For Uniform Heat Flux For Uniform Temperature
at the Inner Surface of the Inner Surface
D, / D, Nu, D, /D, Nu,

0 0
0.05 17.81 0.05 - 17.46
0.10 1191 0.10 11.56
0.20 8.50 0.25 7.37
0.40 6.58 0.50 574
0.60 591 1.00 4.86
0.80 5.58
1.00 5.39

From Handbook of Heat Transfer, W. M. Rohsenow, J. P. Hartnett, and E. N. Gani¢ (1985).
°A is the thermal conductivity of the fluid flowing in the annulus and D, = D, — D,.



and their product

PR = Th,in - Th,out
Th,in - Tc,in
Then Equation 5.2 becomes
Q P(R-1)
— A 3 . S— .
= A Thin = Ten) In[(1 — P)/(1 = PR)]

This equation can be rearranged to give

Mccpc(Tc out T, in) R-1
. - = (T:: out — T:: in)
UA ' 2 n{(1 = P)/(1 = PR)]
or
M.c,, R-1
U4  In[(1 - P)/(1 - PR)]
and

thph

(R-1/R

U4 Il - P)/(1 - PR)]

(5.10)

(5.11)

(5.12)

(5.13)

(5.14)

When U, A4, R, and either M, or M,, are known, Equation 5.13 or Equation 5.14 can be used to
. The value of T, ,, is then simply calculated from

calculate P directly and hence to derive T .,
Equation 5.8. Note that

1-P Th,in - Tc,out

1=PR Thou—Tom

(5.15)

Example 5.1 Calculating the Size of a Double-Pipe Heat Exchanger for a Specific Duty

A double-pipe heat exchanger of the dimensions shown in the accompanying figure is employed to
heat 5 kg/s of Dowtherm A from 15 to 65°C using waste hot water cooled in the process from 95 to
75°C. The hot water flows in the inner tube in counterflow to the Dowtherm, which flows in the
annulus (Dowtherm has a higher viscosity than water and is allocated to the passage with the larger
cross-section area, to avoid excessive pressure drop). What is the total length of heat exchanger, L,

required?

Method. Use the basic equation, Equation 5.1, to calculate the area, A4, required, basing all the
calculations on the outside diameter of the inner tube, D,. :

Data. Dimensions:

Inner diameter of tube
Quter diameter of tube
Inner diameter of shell

D, = 4094 x 102 m
D, = 4830 %1072 m
D, =17.500 X 10~2 m




I 85 Th r
T e A f—— Thn \
— Dowthern, Tc E T
S — A L — S ——— c E h, o
= i = = 654 75
E|El £ S| Tca
Water, T, gl ~| = i
h i L w
S
g2 g
o = = = =
-Ir;:. in
L=7
-—_ 53 —m/——
Single Pass
Example 5.1

Cross-sectional area of inner tube:

S, = (/4)D? = (m/4)(4.094 % 1072)" = 1.316 X 107" m’

Mean hydraulic di_arnt-t{:r.‘
D,=D,=409%107%m
Cross-sectional area of annulus:
Sq = (w/4) (D2 — D?) = (m/4)(7.50% — 4.83%) x 107" = 2.586 X 107> m’
Mean hydraulic diameter:
D,, =D, -D, =(750-483) x 107 =267 x 107* m

Fluid Properties. Properties of Dowtherm A al mean temperature 40°C;

Density p. = 1044 kg /m°

Specific heat cpe = 16221 /(kg - K)
Conductivity A= 0138 W/(m- K}
Viscosity . = 270 x 1077 (N s)/m"
= e/ e 2.59 % 107% m% /s

k, = A/ p:Cpoe 815 x 10" m%/s
Pr.= v /x. 317

Properties of water at atmospheric pressure and mean temperature 85°C:

Density o, = 969 kg /m’
Specific heat c,p = 4197 J /kg - K)
Conductivity A, = 0676 W/ (m - K)
Viscosity m, =311 x 107* (N - s)/m*
v, = 1./ Py 321 % 107 m’/s
Ky = A/ PRC i 1.66 % 1077 m* /s

Ty = ”h.-"lrxh 1.93
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Solution.

1. Total rate of heat transfer, Q, and water flow required, M,,. The total rate of heat transfer is
given by the mass flow rate of Dowtherm, times its specific heat, times its temperature rise
through the heat exchanger, i.c.,

Q = Mccpc(Tc,out - Tc,in)
~ 5.0 X 1622(65 — 15) = 4.06 X 105 W

The rate of water flow required is then

, Q
M, =
g Cph(Th,in - Th,out)

4.06 x 10°

. 483k
1197005 —75) _ 1eoke/s

2. The overall heat transfer coefficient, U. The overall heat transfer coefficient is given by
Equation 5.5
1 1 N D, | D, N 1 (D,
U 2a, \D,) " u;\D,

In this example the surfaces are assumed to be clean so that u, is the heat transfer
coefficient applicable to the cold Dowtherm flowing in the annulus, a, and u, is the heat
transfer coefficient applicable to the hot water flowing in the inner tube, ;. For the purpose of
this example the simple Dittus-Boelter expression, Equation 2.300, will be used to calculate
these coefficients, and because the temperature differences between fluid and surface are
relatively small, no allowance will be made for the effect of temperature on fluid properties.
For calculations of greater accuracy, Equation 2.301 should be used. Note also that the fluid
properties are based on the mean of the inlet and outlet temperatures; a more precise
calculation would employ the average of the mean fluid temperature and the surface tempera-
ture and would require iteration.

To determine the heat transfer coefficients, the Reynolds number, Re, must first be
calculated.

For the Dowtherm flowing in the annulus, the mean velocity, v,, is given by

M, 5.0 L85
b= 5 T 2586 X 103 X 104 O ™/S
and the Reynolds number
v,D,, 1.85X2.67x107?
Re, = - =191 x 10*

v, 2.59 x 10~
For the water flowing in the inner tube the mean velocity, v, is given by

M, 4.83
B Sopn 1316 X 1073 X 969

v =3.79m/s
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and the Reynolds number

v,D,; ~ 3.79 X 4.094 X 1072

, = 4.83 x 10%
7 321 % 10~/

Reh =

The Nusselt number for the Dowtherm is then

Nu, = 0.023Re08pr0*

4

= 0.023(1.91 x 109)™*(31.7)%* = 244
and the heat transfer coefficient
Nu A,
)

€o

244 > 0.138 1.26 X 10° W/(m? - K)
T 267x102 /(m

Similarly for the water,
Nu,, = 0.023Ref*Pr)*

= 0.023(4.83 x 10%)*%(1.93)"* = 1055
and
Nuy A,
Dei
1055 X 0.676

= W = 1.74 x 10* W/(mZK)

(This value is greater than normally quoted for double-pipe heat exchangers. It is associated
with the high fluid velocity deliberately chosen for this example in order to illustrate potential
improvements achievable with series /parallel arrangements.)

The overall heat transfer coefficients, which takes into account both fluid heat transfer
coefficients and the thermal resistance of the tube wall, is given by Equation 5.5, i.e.,

1 1 D D 1 (D
b1 2(3)-2(3)

Assuming a steel wall with thermal conductivity, A,, = 60 W /(m - K)
ﬂln D = 6.64 X 107° (m?-K) /W
2A, \D, ‘

and

! ! +0.66 X 1074 + 118 9.28 X 10~* (m?-K) /W
U 126x10° 174 x 108 m™-K)/

ie.,

U = 1.078 x 10° W/(m? - K)
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Note that almost all the thermal resistance occurs in the Dowtherm,boundary.layer. This
means that tube wall temperature is close to that of the hot water.
. The log mean temperature difference, ATy,;. The remaining term required, ATy, is obtained
from either Equation 5.2 or Equation 5.11. The former gives

[(Th,in - Iwc,éut) - (Th,out - T;:,in)]

AT =
™ ln[(Th,in - Tc,out)/(Th,out - Tc,in):|

_ [(95 — 65) — (75 — 15)] _ =30
" In[(95 — 65)/(75 = 15)]  In(1/2)

=433K

)

(Do not worry about the negative value in the numerator: the In term in the denominator is
also negative!) Note that this is close to the difference between the mean temperatures,
T,—-T,=45K ‘ ' ‘

Equation 5.11, of course, gives the same result:

P(R-1)

AT = Tin = oo T = 5 (1 = PROT

where

Th,in - Th,out _ 95 - 175

R= - =04
Tc,out - Tc,in 65 — 15
Tcout—nin 65 — 15

P=—-—= — = = 0.625
Ty in = T i 95— 15
80 X 0.625 x (—0.6)
AT = =433 K.

1n[0.375/0.750]

. Required surface area, 4, and length, L. Substituting the calculated values of U and ATy
into Equation 5.1, we have

L0
4.06 X 10° -
TToBx10°x433 o™
and
A 8.70
L= - —573m

7D, wx4.83% 107

This length could not be accommodated in one unit; it would be necessary to join several
heat exchangers in series. :

The pressure drop on the water side can be calculated using Equation 2.271 of Chapter 2,
ie., . '

L ( pyi
Ap= 4fo'5'2‘(7
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where f, for a smooth pipe is given by Equation 2.280:
fo = 0.046Re; 173

= 0.046(4.83 x 105)"/° = 3.36 x 10~3

Hence

Ap=4x%x336x%x10"3x

57.3 969 X (3.79)*
4.094 % 10-2 2

= 1.31 X 10° N/m?
To this muSt be added the pressure drop associated with the inlet and exit pipework, which will

be several times the velocity head ( Pwvir/2). The total pressure drop, even for a smooth pipe, is
therefore about 1.5 atm. For a rough pipe, it would be several times this value.

There are two features that make this simple design unattractive: the high velocity of the water
and the long pipe length entail a high pressure loss, and the heat transfer coefficient on the
Dowtherm side is too low. In Example 5.3 the design will be modified to improve each of these
deficiencies.

Example 5.2 Calculating the Performance of a Double-Pipe Heat Exchanger of
a Given Size

In Example 5.1 we calculated the required length of heat exchanger to be 57.3 m. For the same fluid
inlet temperatures and flow rates, what would be the approximate values of the fluid outlet
temperatures if the length were only 50 m?

Method. In this case the area of the heat exchanger surface and the heat transfer coefficients are
known, but not the fluid outlet temperatures nor the total rate of heat transfer. Equation 5.13 can be
used to calculate P and hence T, ,, and Equation 5.8 then can be applied to determine T}, ;.
Data. For this approximate calculation, the fluid properties given in Example 5.1 can be used.
Because the fluid flow rates and dimensions are the same, the same overall heat transfer coefficient
applies, i.e., U = 1.078 X 10° W /(m*- K). The other known values are M, = 5.00 kg /s, M, = 4.83
kg/s, T, i = 15°C, and T}, ;, = 95°C.

Solution. The area of the 50-m-long heat exchanger surface based on a D, is
A=7mD; X50 =7 X483 X 1072 X 50 = 7587 m?
Equation 5.13 states that

Mc R-1

ctpe

UA  In[(1 —P)/(1 — PR)]

where

C

M,
R=——"—=04
thph

Substituting numerical values into the equation,

5.0 X 1622 04-1
1.078 x 10% x 7.587  In[(1 — P)/(1 - 0.4P)]
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which gives-

P= Tc,out - Tc,in — 0.58
Th,in - Tc,in

Hence,
T, o = 61.4°C

and because

- Th,in - Th,out =04
Tc,out - T;:,in

T}, o = 76.4°C
The log mean temperatufe difference for these temperatures is
ATy = 46.1°C
and
Q = UA ATy, = 1.078 % 103 v>< 7.587 X 46.1 = 3.77 X 10° W

Note that a heat exchanger that is 87% of the length of that in Example 3.1 transfers 92% of the
heat. This is due, of course, to the higher value of the log mean temperature difference.

5.4.3 Parallel /Series Arrangements of Double-Pipe Heat Exchangers

5.4.3.1 Two Heat Exchangers with the Cold Fluid in Parallel and the Hot Fluid in Series Flow.
When the pressure drop available for driving the cold fluid is limited, a parallel /series arrangement
may be adopted, as shown in Figure 5.6a. Here the hot fluid passes in series through the shell side
(annuli) of two double-pipe heat exchangers, while the cold fluid is split into two parallel streams,
feeding each of the inner tubes separately. This reduces the pressure drop on the tube side, but the
price paid is a lower outlet temperature for the cold fluid, as illustrated in Figure 5.6b.

In the following analysis the assumption is made that the mass flow of cold fluid is divided
equally between the two units.

The conventional log mean temperature difference used to calculate the performance of one
double-tube heat exchanger is not applicable to the parallel/series arrangement. A new effective
temperature difference term has to be used which that takes into account the asymmetry of heat
transfer in the two units has to be used. This term is derived (Kern, 1986) making the following
assumptions:

The overall heat transfer coefficient, U, is constant.

The specific heats of the two fluids are constant.

The cold stream mass flow is split equally between the two units.
The heat exchange areas of the two units aré equal.

L=

Figure 5.6 shows an arrangement of two U-tube double-tube heat exchangers in which the hot
fluid flows in series through the annuli and the cold fluid flows in parallel through the tubes. Because
the hot fluid in heat exchanger 1 is at a higher temperature than the hot fluid in exchanger 2, the two
units will have different values of Tyy, and T, ., will be greater than T, .. It is necessary,
therefore, to calculate these temperatures and that of the hot fluid, T}, ;,, between the two units in
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order to evaluate the overall effective temperature difference to be used in the equation

Q = UA AT, (5.16)

First let us consider the two heat exchangers and tabulate their temperatures and fluid flow
rates:

Heat Exchanger 1 'Heat Exchanger 2
Hot fluid inlet temperature T}, int . Thin
Hot fluid outlet temperature Ty, out Ty, int
Cold fluid inlet temperature T in T in
Cold fluid outlet temperature T, out1 T, outz
Hot fluid flow rate M, M,
Cold fluid flow rate M,/2 M,/2
Surface area ‘ A/2 A/2

The ratio of the heat capacities of the two fluid streams is the same in each heat exchanger, i.e.,

R~ Me/D Cpe 1 My, (5.17)
thph 2 thph

R
2

Assuming the same overall heat transfer coefficient, U, in both units, Equation 5.13 shows that the
equivalent value of P also must be the same for both, i.e.,

P = Tc,outl - Tc,in _ Tc,out2 - Tc,in (5.18)
Th,int - Tc,in Th,in - Tc,in

and hence the product P'R’ also has the same value in both units, i.e.,

Th,int - Th,out _ Th,in - Th,in(

= (5.19)
Th,int - Tc,in Th,in - Tc,in

P/RI =

This is an equation in which T} ;,, is the only unknown and its value may be obtained by expansion,
ie.,

(Th,int)2 - 2Tc,inTh,int + Tc,in(Th,in + Th,out) - Th,inT}i,out =0 (520)

The solution of this quadratic equation is

Th,int = Tc,in + \/(Th,in - Tc,in)(Th,out - I::,in) ’ (521)

where the plus sign applies to parallel cold fluid streams and the minus sign applies to parallel hot
fluid streams. In our case therefore

Th,int = Tc,in + V(Th,in - Tc,in)(Th,out - Tc,in) (5.22)
or
Th,int - Tc,in - Th,in - Tc,in v (5.23)
Th,out - T:':,in Th,out - Tc,in .

This expression for T}, ;,, now can be used to derive the equation for the mean effective temperature,
AT),.
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For the first heat exchanger, Equations 5.14 and 5.15 give

Micpn _ (R - D/R (5.24)
UA/2 ln[(Th,int - Tc,outl)/(Th,out - ]::,in)] '
which can be rearranged using Equation 5.23 to give
Micpn _ (R - D/R (5.25)
UA/2  n{((R = D/R) Ty in = L)/ Thpous = L)) + /R
or
Q (Th,in - Th,out)(R’ - 1)/2R, (5.26)

Uud M w{(R = D/RY(T, 0 = T/ T = L)) + 1/R )

If the two cold streams leaving the heat exchangers are allowed to mix, their mean temperature
is given by

Tc,out = (Tc,outl + Tc,omz)/z (5.27)

and the normal definition of R can be used for the combined units, i.e.,

T,w—T
R=2 " - 2R (5.28)
Tc,out - Tc,in
and
Tc out — T, i
P= (529
Th,in - Tc,in
Equation 5.26 then becomes
) (T, s — Ty ou)(R/2— 1) /R
L i, - hin ~ Thon ) R/ 1//2 (5.30)
UA In{((R/2 - 1)/(R/D)(1/(1 = PR))'* + 1/(R/2)}
Alternatively the total rate of heat transfer may be expressed as
Q=UAST, . -T. ) - (5.31)
where
P(R/2-1)
/ (5.32) .

0=
in{((R/2 — 1)/(R/D)1/(1 = PR)"* + 1/(R/2)}

5.43.2 n Heat Exchangers with the Cold Fluid in Parallel and the Hot Fluid in Series Flow. The
expression for two cold parallel streams, Equation 5.32, can be extended to cover the general case of
the cold fluid being equally divided between 7 units in parallel, namely, ' '

P(R/n—-1)

0= T (5.33)
In{((R/n — 1)/(R/n))(1/(1 — PR)) " + 1/(R/n)}
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Fig. 5.7 Correction factor for log mean temperature difference in parallel /series arrangements. @ denotes hot
in series and @ denotes cold in parallel. Cold in series, hot in parallel:

x Tc,out - Tc,in Th,in - Th,out

= —, N e—

Th,in - Tc,in Tc,out - Tc,in
cold in parallel, hot in series

_ Th,in - Th,out y Tc,out - Tr:,in

= — = —

Th,in - Tc,in Th,in - Th,out

From Double Pipe Heat Exchangers, Section 3.2 of HEDM. (1983). By A. R. Guy. (With permission.)
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Equations 5.11 and 5.32 represent two specific examples of this general relationship: the first is
for n = 1 and the second is for n = 2. : '

5.4.3.3 n Heat Exchangers with the Hot Fluid in Parallel and the Cold Fluid in Series Flow. The
equivalent equation for this arrangement, assuming that the mass flow of the hot fluid is equally
divided between the » units, is

P(1 —nR)/n

6= T (5.34)
In{(1 - nR)1/(1 — P))”’" + nR}

5.4.3.4 Ratio of Effective Temperature Difference to the Log Mean Value. The effective tempera-
ture difference term, AT}, in the expression

Q = UAAT), | (5.35)

for parallel /series arrangements is analogous to ATy, used in calculating the simple countercurrent
flow case (Equation 5.2). An alternative way of presenting ATy, is in the form

where F is a function of the fluid inlet and outlet temperatures, which can be calculated from
Equations 5.33 and 5.34.

Figure 5.7 shows two graphs of F plotted as a function of temperature ratios; one is for a
one-series /two-parallel arrangement and the other is for a one-series /four-parallel combination
(Guy, 1983). The temperature ratio parameters X and Y are selected as shown, according to whether
the cold or the hot fluid is in series. )

Example 5.3 Performance of a Series / Parallel Arrangement of Double-Pipe
Heat Exchangers

A heat exchanger of the dimensions calculated in Example 5.1 would require a large pressure drop to
drive the hot water through the inner tube. This could be reduced by using several units with the hot
water flowing in parallel and the cold Dowtherm flowing in series. If four parallel units are used (see
the accompanying figure, what will be the total length required and what will be the reduction in
pressure drop?

Method. Each of the four units will have only a quarter of the total water flow rate, so that the new
hot side heat transfer coefficient, aj,, has first to be calculated. This provides the value of U that can
be combined with AT, in Equation 5.16 to calculate the required area, 4. The effective temperature
difference, AT, is obtained from Equation 5.34.

Data. The fluid flow rates and temperatures of Example 5.1 apply to this example, and the same
fluid properties are assumed.

Solution.  In Example 5.1 the velocity of the hot water was 3.79 m/s and the heat transfer coefficient
was 1.74 X 10* W /(m?- K). When the flow is divided by 4, the velocity is 0.948 m/s and the heat

Example 5.3
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transfer coefficient

1.74 x 10*

@pF = 574X 100 W/ K)

oy =

The heat transfer coefficient on the cold (Dowtherm) side is unchanged so that the new overall
coefficient is

L__ ! +0.66 X 1074 + 118
U 126x10° 5.74 x 103

and
U=19.38 X 10 W/(m?-K)

Note that this is only a small reduction compared with Example 5.1 because the Dowtherm heat
transfer coefficient is the main controlling factor. ‘

The next step is to calculate the new effective temperature difference term using Equations 5.31
and 5.34, ie,,

Q = UA ATy = UAO(T,, ;, — T, ;,)
where
o= P(1 —nR)/n
In{(1 - nR)1/(1 — P)'/" + nR)

and
n=4
Substituting the numerical values of R and P,
0= 0.625(1 — 4 x 0.4) /4 _
C Inf(1 - 4 X 0.4)(1/(1 - 0.625)"* + 4 x 0.4)

0.514

Hence

ATy, = 0.514 (95 — 15) = 41.1°C
The required area of the heat exchanger is therefore
Q
UATy,

A=

4.06 x 10° -
T93x102x411 . °™

which is equivalent to a total length of 69.2 m or 17.3 m per unit.

For a smooth pipe the pressure drop at high Reynolds numbers is proportional to velocity to the
power 1.8 (Equations 2.271 and 2.280). The length of each hot pipe run has also been reduced from
57.3 m in Example 5.1 to 17.3 m. Hence, the overall pressure drop on the hot water side is rediiced by
a factor

1 17.3 1
— x —_— = —
@'® 573 40

In practice pressure drop is an important design criterion. For example, if the available driving
pressure difference on the water side had been stipulated as 10* N/m? (i.e., about 0.1 atm), the
single tube design in Example 5.1 would have been rejected because the pressure loss, even for a
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smooth tube, was 1.31 X 103 N /m?. However, the parallel/series arrangement in this example would
satisfy the criterion because the pressure drop would be 1.31 X 105/40, i.e., 3.3 X 10 N/m?. This
figure provides a margin for subsequent increase in pressure drop due to the development of a fouled
surface and an increased value of f.

5.4.4 FEffect of Longitudinal Fins

In many applications of double-tube heat exchangers longitudinal fins are attached to the outer
surface of the central tube in order to enhance the shell-side heat transfer. Figure 5.8 shows a cross
section through a typical finned tube and a diagram showing the dimensions needed in the calculation
of the enhancement. These dimensions are as follows:

Number of fins N
Fin length L
Fin height H
Fin thickness w
Fin root width |4

~

The fins have two principal effects: they reduce the cross-sectional flow area on the shell side,
thus changing the hydraulic diameter and increasing the fluid velocity, and they provide a large
increase in surface area. The net effect is an increase in both heat transfer and pressure drop.

The first step in the calculation of the performance of a double-tube heat exchanger with
longitudinal fins is to establish the equivalent diameter, D,, of the annulus and fins:

D, = 4 X net free area/wetted perimeter (5.37)

The net free area is the cross-sectional area of the annulus less the cross-sectional area of the fins
and the portion of the fin roots projecting into the annulus:

free area = wD2/4 — wD?/4 — N(HW + WW, /2) (5.38)

Fig. 5.8 Finned tube. Double Pipe Heat Exchangers. Section 3.2 of HEDM. (1983). By A. R. Guy. (With
permission.)
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where D= inner diameter of the shell
D, = outer diameter of the tube

The wetted perimeter is that of the annulus, plus the fins, less that covered by the fin base:

wetted perimeter = wD, + 7D, + 2NH ~ NW (5.39)

Hence,

D - 4nD}/4 — wD}/4 — N(HW + WW, /2)}
e {wD, + #D, + NQH — W)}

(5.40)

The shape of the flow passages between the fins is complex and where correlations of heat
transfer and pressure drop based on experiments with the specific geometry are available, they should
be used in calculating thermal performance. If data of this type are not available, the equations for
Nusselt number and friction factor for round tubes, given in Section 2.4.6 of Chapter 2, may be used -
with the value of D, calculated from Equation 5.40 substituted for pipe diameter, D. This procedure
is justified for turbulent flow heat transfer where correlations in terms of equivalent diameter are
relatively insensitive to shape, Its use for predicting laminar flow heat transfer is likely to be less
accurate because of the dependence of Nu(D,) on shape (see for example Table 2.6).

A graph of friction factor for finned tubes as a function of Reynolds number based on D, is
shown in Figure 5.9. The finned tube curve is very similar to the plain tube curve, except that it
exhibits a more gradual transition from laminar to turbulent valaes. This shows that the equations for
plain tubes given in Section 2.4.5 of Chapter 2 are adequate for calculating friction factor for finned
tubes.

In assessing the overall heat transfer coefficient for a plain tube heat exchanger, we used the
outer surface. of the inner tube as the basis for our calculations. In dealing with finned tubes, we take

Fin-Tube Reynolds Number
11 0 100 1,000 10,000 100,000

T IIIIIII T ] IIIIIII T J IIIIIII ¥ T Illllll T LA B I

0.1

T IIIlll'

Friction Factor f

0.01

-

0.001 1 1 IIIIIII L 1 llllll' 1 ] IIIIIII 1 1 IIIIIII 1 I‘IIIIIII
100 1,000 10,000 100,000 1,000,000
Bare Tube Reynolds Number

Fig. 59 Finned-tube friction factor. Double Pipe Heat Exchanger. Section 3.2 of HEDM. (1983).'By A. R. Guy.
(With permission.)
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i

the total heat transfer surface area, i.e., the fin surfaces plus the tube surface between fins, as the
basis. The fin tips are not included because the heat transfer from them is negligible.
The total area to be used is therefore

A=A+ A, ' (5.41)
where total fin surface area (except tips)
Ay =2NLH (5.42)
and tube surface area between fins
Ay, = L(wDy — NW) (5.43)

The clean tube heat transfer coefficient for the shell side, a,, has been calculated. It is assumed
that this applies uniformly to the fin surfaces (except the tips that are neglected) and the exposed
surface of the tube. Furthermore, the assumption is made that the fouling resistance, R, at the
surfaces of the fins is the same as that at the surface of the tube, R, so that a uniform fouled surface
heat transfer coefficient, u;, can be applied using the equation

1 1
— =R, +— (5.44)

Uy a;

However, this heat transfer coefficient cannot be applied directly to the total surface area, because
the fin surfaces are less effective than the tube surface because of their longer conductive heat flow
paths. The equations for heat conduction in fins, presented in Section 2.3.5 of Chapter 2, are used to
quantify this effect.

The expression for the total rate of heat transfer into a fin of height H with uniform cross
section and no heat passing through the tip, subject to a uniform external convective heat transfer
coefficient, is given by Equation 2.78, i.e.,

. , P
Q; = VASaP (T, - T})tanh{ EE- H} (5.45)

where A =conductivity of the fin material
S = cross-sectional area of the fin
a = convective heat transfer coefficient
P = periphery of the fin
T,, = temperature at the base of the fin
T, = surrounding fluid temperature (assumed uniform)

If the whole surface of the fin were at 7, the rate of heat transfer would be
Qf,max = PH(X(TW - 7}‘) (546)

Because of the finite conductivity of the fin, Qf < Q'f, max»> and the ratio Qf/ Q.f,max represents the fin
efficiency, 1, (Equation 2.84):

Q;  tanh{yaP/ASH}

N = == = (547
7 Opmx (VaP/ASH)}
In the case of longitudinal fins,
P=2L+2W=2L (5.48)

S =WL (5.49)
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so that

P/S=2/W (5.50)

Assuming that fouling resistance is uniform over all surfaces, including the fins, we can replace a
by uy, the effective heat transfer coefficient at the fin surface, including fouling effects:

_ tanh{ 2uy/wi H}

M= { 2u1/WAH_} (5.5D

By definition, with the same temperature difference and heat transfer coefficient, fins with
surface area, A, transmit as much heat as an area of the tube surface equal to nA,. The total
shell-side effective area is therefore (npA; + A,), not the true total area (4, +Ab§. The ratio of
these two terms may be regarded as an overall finned tube efficiency factor:

nAs+ A, Ay Ay
AL ke S ' - 52
nf 4, N t + ,« (5.52)

When the shell-side fouled surface heat transfer coefficient, u,, is used in conjunction with the
total surface area, A4,, in calculating Q, this correction factor must be applied to it to produce an
effective heat transfer coefficient that takes into account the finned tube efficiency. The effective
shell-side heat transfer coefficient is therefore .

Uy = mpuy (553)

Finally, the overall heat transfer coefficient U, based on the total area A4 . I8

1
U

1 1 A4,
1 u, 4,

where A, is the area of the inside of the tube and u, is the applicable fouled surface heat transfer
coefficient.
Note that in this case the wall resistance R, is referred to A, and has the form

R, - Dl{ll'l(D1/2DA2)}(At/Al) (5.59)

Incorporating this expression into Equation 5.54, we have

1 1  D{in(D,/D)NA,/A) 1 A
— - 1 1/D; /Ay Al (5.56)
U u 2A, u, A,
The heat rating is then
QO =UA,AT; (5.57

where A, is the total area, defined by Equation 5.41.
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If the overall heat transfer coefficient is based on the outer area of the tube, rather than the
total area, then

Q = U, 4,ATm (5.58)
where
1 14 D,In(D,/D,) 1D
L _1A4 DintDy/Dd) | 2 (5.59)
Ul Uy At ZAW ‘ U, D]
or
1 1 A D,In(D,/D,) 1 D
- 1 + 1 l/ 2 + ____2 (5.60)
Ul U, [T’fAf +Al7] Zl\w Uy Dl

which is analogous to Equation 5.5 for smooth tubes, but with a correction for the effective area of
the fins.

Example 5.4  Heat Transfer Enhancement Due to Longitudinal Fins

The heat transfer coefficient on the Dowtherm side in Example 5.1 was too low and requires
enhancement. What will be the effect of adding 32 longitudinal carbon steel fins of the dimensions
shown in the accompanying figure to the outside of the tube? For the same flow rates and fluid
temperatures, how much will the required length of heat exchanger be reduced?

Method. Use the fin efficiency, n, (Equation 5.51), in Equation 5.60 to calculate the overall heat
transfer coefficient.

Solution. First it is necessary to calculate the heat transfer coefficient in the finned annulus. This
will be different from the value calculation in Example 5.1 because of the reduced cross-sectional
area and the different mean hydraulic diameter.

The free cross-section area is given by Equation 5.38, i.e.

_>| |<— W =0.89 mm

|e-223m-]
Z7777777777. ~-— Finned Tube
e f

ISIIIIIII.

- 324 M —

R
S=— T

Four Hot Streams in Parallel

H=12.7 mm

-«— Finned Tube

SONSNSNSNY

W, =4.02 mm
Example 5.4
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where
Number of fins N=32
Fin height H=127X10"2m
Fin thickness W=089%x10">m
Width of the fin root W, =402X10"°m
Hence,

S = 2,167 X 107 m?
The wetted perimeter is given by Equation 5.39, i.e.,
P=aD +u#D;, + 2NH -~ NW =1.171m
Hence the equivalent diameter

48 4><2167><103

The velocity of Dowtherm in the finned annulus is

M, 5.0
e S T 1044 X 2.167 X 107

=221m/s

and the Reynolds number is

v.D, 221X 7.40 % 103

= = 6.31 x 103
°c Ty, 2.59 % 1075 31

Hence using Nu, = 0.023Re?8Pr04,

Nu, = 0.023(6.31 x 10%)*°31.7* = 101

and

Nuh _101x038 -
T, TT7ax1w07 b /(m

The fin efficiency, 7y, is defined by Equation 5.51, but because we are assuming clean tubes, the
fouled surface heat transfer coefficient can be replaced by a,, so that

tanh{ 2a,/WA H}
{(V2a./WrH)

N =

where A is the conductivity of the fin material, which for carbon steel at 60°C is approximately 60
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and

" tanh3.37

My = e = (.29
=3y~ 02%

This is a low value that could be improved by the use of higher conductivity material or thicker fins.
The total effective heat transfer coefficient o/ applied to D,, which takes into account the fin
efficiency, is then

Lo g LAt Ay

O, ¢ Al
 where
Ay = 2NLH = 0.813L m?
Ay = L(wD; — NW) = 0.123L m?
and
Ay = 7D,L = 0.152L m?
Hence

[0.296 x 0.813 + 0.123]
0.152

ol = 1.88 X 103

= 4.50 X 10° W/(m?- K)

The overall heat transfer coefficient is therefore obtained from

L +0.66 X 10~ + 118 3.56 X 1074 (m?- K) /W
—=—+0. ———— =356 X 10" .
U, 450 X 10° 1.74 x 10° m™- K/

and
U, = 2.81 X 10° W/(m? - K)
The area required is given by
U AT v

4.06 X 10° -
T 281 x10°x433 ot

which means a total length of 22 m. The effect of the fins has been to reduce the total length of tube
required by a factor of 2.6.

If the fins were applied to the four units in series /parallel as described in Example 5.3, the
overall heat transfer coefficient would be increased by a factor of 2.2 and the total required length
reduced from 70 to 32 m. In other words, each of the four units would need 8 m of piping. In this
arrangement, the enhanced heat transfer coefficient on the Dowtherm side would be approximately
equal to the heat transfer coefficient on the hot water side.
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5.4.5 Multitube Units

Multitube heat exchangers are similar to double-tube heat exchangers except that the single U-tube is
replaced by a bundle of U-tubes. The tubes are usually fitted with longitudinal fins and the units may
be mounted in parallel/series arrangements.

The thermal analysis procedure for multitube units is the same as that for two-tube heat
exchangers. The equivalent hydraulic diameter of a finned tube bundle to be used in calculating
shell-side heat transfer and pressure drop is

D, = 4 X net free area/wetted perimeter (5.61)
where
net free area = wD2/4 — N{wD?/4 + NCHW + WW,/2)} (5.62)
and
wetted perimeter = wD; + N{wD, + 2NH — NW} - (5.63)

where N, = number of tubes
D, = diameter of the shell

Problems

1. A double-pipe heat exchanger consists of a tube of 4.094 cm inner diameter and 4.83 cm outer
diameter surrounded by a shell of 9.664 cm bore. Dowtherm A, flowing in the tube at a rate of
2kg/s, is heated from 20 to 60°C by hot water in counterflow in the annulus, cooling from 90 to
80°C. What is the length of heat exchanger required to achieve these temperatures? (Use the
fluid properties given in Example 5.1 in the text.)

2. With the same geometry and rates of flow as in Problem 1, what would be the fluid outlet
temperatures if the heat exchanger were 35 m long? (Use the same fluid properties.)

3. If the pressure head available for pumping the Dowtherm were not sufficient for the single-pass
arranagement of Problem 1, what would be the effect of splitting the cold flow into two equal
parallel streams? How much bigger would the area of the exchanger have to be to achieve the
same flow rates and temperatures? By what factor would the pressure drop be reduced?

4. The annulus of a double-pipe heat exchanger has an inner diameter, D;, of 2.54 cm and an
outer diameter, D, of 4.86 cm. What is the heat transfer coefficient for water at 85°C and
atmospheric pressure flowing in the annlus at a velocity of 1 m /s? What would be the effective
heat transfer coefficient if the inner tube had 20-m longitudinal carbon steel fins of height 1.11
cm and thickness 0.89 mm attached to it? Calculate the enhancement for the same mass flow
rate.

5. For the case described in Problem 4, calculate the pressure drop per unit length of heat
exchanger, with and without the fins.

6. What would be the effect if the fins in Problem 4 were aluminum rather than carbon steel?
[Take the conductivity of aluminum as 180 W /(m - K).]

7. For the same geometry as in Problem 4, what would be the heat transfer coefficient for air at
85°C and atmospheric pressure flowing at a velocity of 10 m/s? What enhancement would be
achieved using the longitudinal aluminum fins? Can you draw any general conclusions about
the value of fins as a means of heat transfer enhancement?
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