Designing a helical-coil

heat exchanger

An HCHE ofters advantages over a double-pipe heat exchanger in
some situations. Here are a few cases where you might want to
consider using one, and a simple procedure for designing it.

Ramachandra K. Patil, Rathi Industrial Equipment Co.;
B. W. Shende, Polychem Ltd.; and Prasanta K. Ghmh Hindustan Ant:b:aucx Lid.

[L] The double-pipe heat exchanger would normally be
used for many continuous systems having small to me-
dium heat duties. However, the helical-coil heat ex-
changer (HCHE) might be a better choice in some cases:

® Where space is limited, so that not enough straight
pipe can be laid.

® Under conditions of laminar flow or low flowrates,
where a shell-and-tube heat exchanger would become
uneconomical because of the resulting low heat-transfer
coefficients.

® Where the pressure drop of one fluid is limited (for
example, because of flow through other process cqulp-
ment). By setting the velocity of the annulus fluid in an
HCHE at about 1 m/s, the pressure drop will be low.

An HCHE consists of a helical coil fabricated out of a
metal pipe that is fitted in the annular portion of two
concentric cylinders, as shown in Fig. 1. The fluids flow
-inside the coil and the annulus, with heat transfer tak-
ing place across the coil wall. The dimensions of both
cylinders are determined by the velocity of the fluid in
the annulus needed to meet heat-transfer requirements.

Fig. 2 is a schematic cutaway view of the HCHE. The
minimum clearances between the annulus walls and the
coil and between two consecutive turns of the coil must
be equal. In this case, both clearances are taken as d, /2.
The pitch, p, which is the spacing between consecutive
coil turns (measured from center to ccntt:r) 1s 1.5d,. As-
suming that the average fluid velocity is umfﬂrm the
mass velocity of the fluid, G,, is computed based on the

minimum clearance bewmn the helix and the cylinder
wall.

Design procedure

Here is'a simple procedure for designing an HCHE:

Determine the heat-transfer coefficients. To calculate the
heat-transfer coefficients in the coil and the annulus, the
following parameters must be known:

1. The length of coil, L, needed to make N turns:
L = NV(27r)? + p? (1)

2. The volume occupied by the coil, V.
= (7/4)d,’L | (2)
3. The volume of the annulus, ¥V :

Vo = (7/4)(C? — B*)pN (3)

4. The volume available for the flow of fluid in the

annulus, V:

V, =V, — V, (4)

C

5. The shell-side equivalent diameter of the coiled tube,
D :

D, = 4V, /nd,L 5)

The heat-transfer coefficient in the annulus, A, can
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DESIGNING AN HCHE

Schematic cutaway view of an HCHE Fig. 2

now be calculated using one of the following two equa-
tions. For Reynolds numbers, Ng_, in the range of 50-
10,000, Eq. (6) [3] is recommended:

h,D,/k = 0.6Ng%°Np %31 (6)
For Nj, over 10,000, Eq. (7) [4] should be used:
hnD:/k — 0*36NR¢“'55NHUH(P/P“ 0.14 (7)

The heat-transfer coefficient of the fluid flowing in-
side the coil, 4,,, can be determined using conventional
methods, such as described in Ref. [4]. The heat-trans-
fer coefficient based on the inside coil diameter, A;, is
obtained using a method for a straight tube—either one
of the Sieder-Tate relationships, or a plot of the Colburn
factor, jp, vs. Ng,, such as Fig. 3. That must then be
corrected for a coiled tube by multiplying 4; by [1 +
3.5(D/Dg)] to get A,.. The coefhicient based on the out-
side diameter of the coil, 4;,, i1s then obtained by:

hiy = hi(D/d,) (8)

The overall heat-transfer coefficient, U, is given by:

1/U = 1/h, + 1/h,, + x/k. + R, + R, 9)

Physical properties and other data for the example
Liquid A Liquid B

Mass flowrate, M, kg/h 1350 2,141

Inlet temperature, °C 127 30

Outlet temperature, C 100 47

Heat capacity, Cp. 1.00 1.00
kcal/(kg)(°C)

Thermal conductivity, k, 0419 0.4075
kcal/(h)(m)(°C)

Viscosity, u, kg/(m)(h) 1.89 6.76

Density, p, kg/m=> 870.0 935.0

" - N

Nomenclature

"
Area for heat transfer, m?

Arca for fluid flow in annulus, (7/4)[(C* —
B?) — (Dyz* — Dy,?)), m?

Cross-sectional area of coil, #D/4, m?

Outside dia. of inner cylinder, m

Inside dia. of outer cylinder, m

Fluid heat capacity, kcal/(kg)(°C)

Inside dia. of coil, m

Shell-side equivalent dia. of coil, m

Average dia. of helix, m

Inside dia. of helix, m

Outside dia. of helix, m

Outside dia. of coil, m °

Mass velocity of fluid, M/[(%/4)((C? — B?) —
(Dg# — Dg)), kg/(m?)(b) -

Height of cylinder, m

Heat-transfer coefficient inside straight tube,
based on inside dia., kcal/(h)(m?)(*C)
Heat-transfer coefficient inside coiled tube (4, cor-
rected for coil), based on dia.,
keal/(h)(m?)(°C)

Heat-transfer coefficient inside coil, based on out-
side dia. of coil, kcal/(h)(m?)(°C)

Heat-transfer cocflicient
keal/(h)(m?)(°C)

Colburn factor for heat transfer, (h,D/k)(Np, ) /3
(/1) %1%, dimensionless

Thermal conductivity of fluid, kcal/(h)(m)(°C)
Thermal conductivity of coil wall,
keal/(h)(m)(°C)

Length of helical coil needed to form N turns, m
Mass flowrate of fluid, kg/h

inside

outside coil,

Theoretical number of turns of helical coil

Actual number of turns of coil needed for given
process heat duty (N rounded to the next highest
integer) TR

Prandtl number, ¢ u/k, dimensionless

Reynolds number, Dup/pu or DG/p, dimensionless
Heat load, kcal/h

Volumetric flowrate of fluid, m3/h

Average radius of helical coil, taken from the

centerline of the helix to the centerline of the coil,
m

Shell-side fouling factor, (h)(m?)(°C)/kcal
Tube-side fouling factor, (h)(m?)(°C)/kcal
Corrected log-mean-temperature-difference, °C
Log-mean-temperature-difference, °C

Fluid velocity, m/h

Overall heat-transfer coefficient, kcal /(h)(m?)(°C)
Volume of annulus, m3

Volume occupied by N turns of coil, m?
Volume available for fluid flow in the annulus, m3
Thickness of coil wall, m

Fluid viscosity at mean bulk-fluid temperature,
kg/(m)(h)
Fluid wviscosity at
kg/(m)(h)
Fluid density, kg/m3

Pl pé-wall temperature,
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Colburn factor vs. Reynolds number for tube-side heat transfer

Fig. 3
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Determine the required area. The area needed for heat
transfer is determined by:

A = Q/UAL, (10)

The log-mean-temperature-difference, Af,, must be
corrected to take into account the fact that the fluids are
flowing perpendicular to each other, which is done by
applying the standard correction factor for perpendicu-
lar flow [4].

Determine the number of turns of coil. Since A = md, L, and

L is expressed in terms of N, the number of turns of coil
needed can be calculated by:

N :A/(Wdﬂ(LfN)) (11)

The actual number of coil turns needed, n, is simply N
rounded to the next highest integer.

An example

Liquid A flows inside a 316 stainless-steel pipe coil;
Liquid B, in the annulus. The flowrates, the inlet and
outlet temperatures, and the physical properties of the

fluids are given in the table. The geometry of the HCHE
is that shown in Fig. 2, where B = 0.340 m;
C=0460 m; D =0025 m; Dy=0400 mj
d, = 0.03 m; and p = 0.045 m.

A. Calculate the shell-side heat-transfer coefhcient,
h

" From Eq. (1), the length of coil needed is:
L = NV(27(0.2)% + (0.045)?
=1.25TN

Using Eq. (2-4), the volume available for fluid flow 1n
the annulus, V,, 1s:
V, = [(-::r/.4)(0.462 — 0.34%)(0.045)N] —
[(7/4)(0.03)%(1.257N)]
= 2.504 x 103N

The shell-side equivalent diameter is:

D, = (4)(2.504 X 1073N)/(m)(0.03)(1.257N)
= 0.0845 m
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The mass velocity of the fluid 1s:
G, = (2,141)/[(m/4)((0.46* — 0.34%) —
(0.43% — 0.37%))]
= 56,792 kg/(m?*)(h)

The Reynolds number 1s:

Ng. = (0.0845)(56,792)/(5.76)
= 833
Using Eq. (6), we get:
h, = (0.6)(0.4075/0.0845)(833)0-*
((1)(5.76)/(0.4075))°-3!
= 90

B. Compute A, , the heat-transfer coefficient inside
the coil.

The fluid velocity is:
u=gq/A,
where 4, = mD?/4 = 4909 X 107* m?* and ¢ = M/p
= 1.552 m3/h, so that:
u= 1.552/(4.909 x 107%)
= 3,161.5 m/h

The Reynolds number (tube-side) is then:

Np, = (0.025)(3,161.5)(870)/(1.89)
= 36,383

From Fig. 3, j5 (for Np, = 36,383) 1s 110, and:
hy = ju(k/D)(Np,)*
= 3,046 kcal/(h)(m?)(°C)
Corrected for a coiled tube, this becomes:
h,. = (3,046)[1 + 3.5(0.025/0.400)]
= 3,712 kcal/(h)(m?)(°C)
The heat-transfer coefhicient based on the outside diam-
eter of the coil 1s:
h,, = (3,712)(0.025/0.03)
= 3,093 kcal/(h)(m?)(°C)
C. Calculate the overall heat-transfer coefficient, U.
The coil-wall thickness, x, is:
x = (d, — D)/2
= Q0025 m

The fouling factors, R, and R,, depend on the nature
of the liquids, the presence of suspended matter in the
liquids, the operating temperatures, and the velocities
of the fluids. In this case, both R, and R, are 8.2 X

107* (h)(m?)(°C)/kcal. The thermal conductivity of
stainless steel 1s &, = 14 kcal/(h)(m)(°C).

Using Eq. (9):

1/U = 1/190 + 1/3.093 + 0.0025/14 +
0.00082 + 0.00082
U = 135 kcal/(h)(m?)(°C)

D. Determine the required area.

88

The log-mecan-temperature-difference 1s:

o [(127 — 30) — (100 — 47)]
7 In((127 — 30)/(100 — 47)) \
:ﬂ?Q.H“(J

To account for perpendicular flow, the correction factor ]
[6] 1s 0.99, so that: !
at, = (099)(72:8) ="72:1"C
The heat load 1s: |

Q =(1,350)(1.0)(127 — 100)
= 36,450 kcal/h

Using Eq. (10), the required area is:

A = (36,450)/(135)(72.1)
— 3.745 m?. |

E. Calculate the number of turns of coil required.
From Eq. (11): .

N = (3.745)/(7)(0.03)(1.257)
= 316
and:
n="3ae

The height of the cylinder needed to accommodate
32 turns of coil 1s:

H = (32)(0.045) + (0.03)
= 1.470 m

Cynthia L. Faban, Editor

References

1. Dimoplon, W, Finding the length of helical coils, Chem. Eng., Oct. 23, 1978,
p- 177.

2. Edwards, M. F,, others, Heat Transfer and Pressure Drop Characteristics of a
Plate Exchanger Using Newtonian and Non-Newtonian Liquids, The Chemi-
cal Engineer, May 1974, pp. 286-288, 293.

3. Coates, ]., and Pressburg, B. S., Heat Transfer to Moving Fluids, Chem. Eng.,
Dec. 28, 1959, pp. 67-72.

4. Kern, D. Q., “Process Heat Transfer,” pp. 103, 137, 549, 721, 834, McGraw:
Hill, New York, 1950. f

The authors E

R. K. Patil

B. W. Shende

P. K. Ghosh

Ramachandra K. Padl is Superintendent, Process Engineenng at Rathi
Industrial Equipment Co., Pune 411 001, India. He is involved in the
design of pnecumatic solids-handling and other process equipment He
obtained a bachelor’s degree in chemical engineering in 1970 from Bombay
University.,

B. W. Shende was Technical Executive at Kirloskar Consultants Pyt Lid
when this article was written. He is now a Production Otheer at Polychem
Ltd., Pune 412 102, India. He obtained master’'s and Ph.D. degrees n
chemical engincenng from Bombay University,

Prasanta K. Ghosh 1s Corporate Planning Manager at Hindustan
Antibiotics Lid., Pimpn, fLum_- 411 018, India. He previously worked for
the government of India and was involved in the planning and
development of the Indian drug industry. He received a master of
technology degree in chemical engineering in 1963 and a Ph D) in chemical
kinetics in 1968, both from Calcutta University



