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A relation for calculation of the effective overall heat transfer coefficient in a triple concentric-tube heat
exchanger is proposed. The relation of the effective overall heat transfer coefficient is obtained based on
total thermal resistance and it is applied within a case study for thermal analysis of two triple concentric-
tube heat exchangers with different geometries, hot fluids and operating conditions. Through case study it
is found that the values of effective overall heat transfer coefficient can be obtained with acceptable errors,

up to 3 % for both heat exchangers.
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In a triple concentric-tube heat exchanger the fluid to
be cooled or heated flows through the inner annulus formed
between the inner tube and the intermediate one, and the
heating or the cooling medium flows in the inner tube and
the outer annulus formed between the intermediate tube
and the outer tube. When the hot fluid flows through the
inner annulus, it transfers heat in two opposite directions.
One heat transfer direction is that of the cold fluid that
flows through the inner tube (fluid C1), for which the overall
heat transfer coefficient, U, is as defined. The other heat
transfer direction is of the cold fluid that flows through the
outer annulus (fluid C2), for which the overall heat transfer
coefficient, U, is as defined. Moreover, an effective overall
heat transfer Coefficient U, which represents the total heat
transfer occurring in the triple concentric-tube heat
exchanger, can be calculated. When knowing U,, the
design calculation can quickly lead to an effective Iength
and, as a consequence, the performance of a triple
concentric-tube heat exchanger can be estimated more
easily when compared to other types of heat exchanger.
Many researchers, such as Zuritz [1], Satyanarayana et al.
[2], Unal [3], Sahoo et al. [4], Batmaz [5], Peigne et al. [6],
Boultif and Bougriou [7] and Touatit and Bougriou [8] have
published the equations of the overall heat transfer
coefficients (U, and U, based on the series thermal
resistances or the expressions analogous to Newton’s law
of cooling, in order to design and evaluate the performance
of a triple concentric-tube heat exchanger. Instead, how
the calculation of the effective overall heat transfer is not
reported to the best of its knowledge. The aim of this paper
is to present a simple and accurate relation for the
calculation of effective overall heat transfer coefficient in
atriple concentric-tube heat exchanger, based on the total
thermal resistance. Moreover, the calculus of the local heat
transfer coefficients and overall heat transfer coefficients
is approached. The relation presented in this paper for the
effective overall heat transfer coefficient is applied within
a case study for thermal analysis of two triple concentric-
tube heat exchanges with different geometries and
operating conditions. One heat exchanger was designed
in our laboratory; it is experimental and was used to cool
oil with water. The other heat exchanger was designed by
Zuritz [1] and used to cool liquid food with water. For both
heat exchangers, the values of U, U, and U, obtained
based on the equations of thefmal reS|stances are
compared with those got from expressions analogous to
Newton’s law of cooling.
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The calculation of U, U, and U, : Mathematical
formulation

In this section presents the calculation of U, U,and U
in a triple concentric-tube heat exchanger, whére hot fluid
flows through the inner annulus and cold fluid flows through
the inner tube (fluid C1) and outer annulus (fluid C2) under
counter-current arrangement. In order to perform the heat
transfer analysis of the heat exchanger, the following
assumptions are considered: the system is at steady state;
fluid properties are constants; single phase flow conditions;
heat exchanger is insulated and there are no heat losses.
As shown in figure , the total thermal resistance on
apparatus consists of: the convective resistance on the
inner surface of inner tube (R1), the conduction resistance
of the inner tube wall (R2), the convective resistance on
the outer surface of inner tube (R3), the convective
resistance on the inner surface of intermediate tube (R4),
the conduction resistance of the intermediate tube wall
(R5) and the convective resistance on the outer surface of
intermediate tube (R6). The thermal resistances R1, R2,
R3 series which defines U, occur in parallel with the
thermal resistances R4, R5, 'R6 series which defines U,
The effective overall heat transfer coefficient is related to
the total effect of the thermal resistances. The fouling
resistance has not been considered.

The expressions of U, U,and U,,can be obtained based
on thermal resistances, by means of an analogy with the
electric resistances expressions considering convection
and conduction in cylindrical coordinates. For the thermal
resistances series and expressions analogous to Newton'’s
law of cooling, the expressions of the heat flow rates for
the cold fluid that flows through the inner tube (Q,) and for
the cold fluid that flows through the outer annulus’ (Q,)are:

Aty

Ql = E er = h?oAlo (tH - twlo) (1)
At,

@, = TR, = hy Ay (B — ) )

In equations (1), R, is the thermal resistance series
corresponding to Q, thus

dy, 1

R,=R1+R2+R3= _—
el TRZT h,A,, 2mk d.+hq;1 ®)

where ¢, is the average temperatures of the hot fluid, ¢,
the outside (wall) surface temperature of the inner tl e
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h,and h, are the convective heat transfer coefficients for the inside and outside surface of the inner tube, d, and d, are
the innef and outer diameters of the inner tube, kis the thermal conductivity of the metal tube, A, and A, are the insidé and
outside areas of the inner tube and ks the thermal conductivity of the metal tube.

In equation (2), R, is the thermal resistance series corresponding to @,, expressed as follows

R,, = R4 + R5 + R6 Lo e !
2= T hyd, | 2m K’ dy | heAy, Q)

wheret ,isthe inside surface temperature of the intermediate tube, h,.and h, are the convective heat transfer coefficients
for the inside and outside surface of the intermediate tube, d,and d, are the inner and outer diameters of the intermediate
tube, A, and A, are the inside and outside areas of the intermediate tube.

Moreover é and Q, can be written as:

Aty
=———=1U,-4,, - At (5
Ql Alo E Rﬂ 1 1o 1
At,
Q, =7‘=Uﬂ.;1ﬂo.;_\tﬂ (6)
- ‘429 E er - - -

From the equations (3) and (5), there was obtained the following expression of U, for the outside area of the inner tube:

1

Ifilr:,v dlo dlo
hydy T2k d,, +hq 0

u, =

Based on equations (4) and (6), the following expression of U, for the outside area of the intermediate tube was
formulated:

"= 1
e dzo d?o d?o
hydy T Znk™d, Th,

For the parallel heat transfer in the heat exchanger and the total heat transfer area which equals the sum of A, and A, ,
the expressions of the heat flow rate based on the hot fluid (Q) can be written as:

®

At At At
Q = 1 = 1 = 1 = Usf (Alo +A20)L“t
El i+ 1 (Alo +A:D)i+ 1 (9)
Rr er Rr" er Rr"

In equation (9) R, is the total thermal resistance for the parallel heat transfer corresponding to Q and At =t - t.
Furthermore, by replacrng R, and R,,in equation (9) with their expressions by equations (3) and (4) and considering a total
(effective) Iength of the heat exchanger can be obtained the following expression of U,;

d 1 1 .1 dy . 1
—_ = e 13
g hldh. + gl 4. Thod, Thyd, TZmkd, Thd,, -
=f dy, 1 1 . dyy

In In

[erﬁ &) g e +hd Fod) (o + 20)

Other equations used for estimating U,, U, and U, are the following:
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¢ = mr_‘lcgr:l(taour — toyin) = Uy - Agy - Aty (11)

@y = MpyCphen (teaoue — tezin) = Uz - Agg - Aty (12)
Usf (Alo + Azoj'ﬁtml

13

¢=0,7t; — tyoue) =

= mHC'pH(tH:'n

where m_, m_, m, are the mass flow rates, ¢ ., C .,

are the spemﬁc heats, Clou[, tepour Lhowe ATE t(he tI@t
temperaturesand ¢ .., aré the infet temperatures,
all for both cold flui sané’hotflmd and At At,_,and At
are the logarithmic mean temperature différences. For the
counter-current flow arrangement, At , At,_and At can

be expressed as Batmaz [5].

Case study

Our case study aims to evaluate the accuracy of the
relation (10) proposed to calculate U, in atriple concentric-
tube heat exchanger. Therefore, weé carried out thermal
analysis in two distinct geometric and operational heat
exchangers with triple concentric-tube. One heat
exchanger is experimental and the other one was designed
by Zuritz [1]. The experimental heat exchanger is operated
under laboratory conditions in order to cool oil, and more
details about experimental setup can be found in our
previous researches [9 - 11]. In the heat exchanger, a flow
rate of 103 kg/h oil is cooled in the inner annulus from 80.5
to 70.2 °C with two cold water streams. Cold water enters
the heat exchanger with 10.8°C and at the output of the

heat exchanger it has 12.5°C for the inner tube and 13.9°C,
respectively for the outer annulus. The mass flow rates for
cold water streams are 180 kg/h for fluid C1 and 110 kg/h
for fluid C2. The uncertainty of the temperature
measurements is = 0.1°C. The physical properties of oil at
an average temperature of 75.4°C are the following: density
859 kg/m?®, specific heat 2061 J/(kg.°C), thermal
conductivity 0.118 W/(m.C) and dynamic viscosity 0.0089
kg/(m.s). The other heat exchanger was designed by Zuritz
for cooling a liquid food with water and more details about
his study can be found in [1]. For both heat exchangers, U,
U,and U_,were calculated by using equations (7), (8) and
(10) equatlons based on thermal resistances. Then, the
values were compared with those obtained from the
expressions analogous to Newton’s law of cooling, namely
equations (11) - (13).

Local heat transfer coefficients were calculated by using
the Nusselt number (Nu) correlations found in literature
and recommended for the range of Reynolds number (Re)
and other particular conditions of the flow.

h-l,
k

Zuritz [1] calculated h, by using Sieder and Tate
correlation for the turbulent flow regimeand h,, h,,and h
by using Monrad and Pelton correlation for the tdrbulent
flow regime. Zuritz [1] used the equivalent heated diameter
as the characteristic length (/) when he calculated Re and
Nu numbers into the annuli, although several authors [12,
13] recommend the use of the equivalent hydraulic

Nu =

14)

Table 1

MAIN RESULTS OBTAINED FOR THE HEAT EXCHANGERS

W Inner tube Inmer annulus Outer anmulus
arameters
The expenmental heat exchanger

Q0w 338 33 37
L.m 0.012 0012 N1z
Re 4134 118 4568
Nu 392 - 39
b, Wim™C) IEE9 ho=114, eq. (1); hee=1135, eq. (2) 286
U1, eq. (7). Wim®=C) 10632 -
17y, eq. (8), Wim?"C) - - T6.55
A, " T 636 63.3 610
11, eq. (11), W/m®°C) 106.66
T, eq. (12}, Wim™"C) - - T6.61
U.s, eq. (100, Wiim*°C}) 8554
Uz, 2q- (130, Wim=-C) EE30
Error, T, %2 -0.13
Error, T, %2 -0.08
Error, Ui, s -2.03

The heat exchanger designed by Zuritz [1]
W 51990 111120 59130
L% m 0.060 e =0.0803; d=0.0670 dea=0. 0827
Re* 20470 1040 (with dio); 4750 (with dei) 19080
S 18580 675 (with digo); 393 (aith dug) 11770

3 hae =300 Gaith dea);

b, Wiim™C) 1240 1 =270 (with de) 560
U1, eq. (7). Wim®=C) 24834 -
Ty, eq. (8), Wim™"C) - - 11357
A, " C 31.7 288 138
T, eq. (11}, Wim™"C) il | - -
s, eq. (12}, Wim*"C) - - 114.32
Uz, 2q. (100, Wim=-"C) Ta7.08
| e, eq. (130, Wim—C) 17135
Error, T, %2 10.40
Emror, T, %2 -0.13
Error, Ui, s -1.69

*The values calculated by Zuritz [1].
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diameter in the Nu and Re numbers or the equivalent
hydraulic diameter in Re number and the equivalent heated
diameter in Nunumber.

For the experimental heat exchanger, the heat transfer
coefficient for the inside surface of the inner tube was
calculated from Gnielinsky correlation for the transition
flow regime [12, 13]:

] e

. (g) (Re — 1000)Pr

+ (%) (15)

As opposed to Zuritz [1], for the experimental heat
exchanger we did not use a Nusselt number correlation
for compute heat transfer coefficient in the inner annulus
and also, we did not use the equivalent heated diameter
as the characteristic length in the outer annulus. Our option
is due to the fact that in the experimental heat exchanger
there are small flow sections through the annuli spaces,
so that the use of equivalent heated diameter is not
recommended. Also, according to the experimental data
for the flow through the annuli, there is no significant
variation of the fluid’s physical properties with temperature.
Thus, the heat transfer coefficient in the outer annulus
space, for the laminar flow regime was calculated based
on the following correlation [13]:

1+ 12.?\}"@ (P'r% —1)

d-Re-P 3
- He - Pry3
)

0.0663( ;

Nu = 3.657 +

d - Re - PT‘}_% (16)

L

In this case, if h, and h, are known, it is possible to
calculate h, and h in thé inner annulus by using the
expressmns analogous to Newton’s law of cooling
(equations (1) and (2)).

The results obtained for the two triple concentric-tube
heat exchangers are presented in table 1.

As shown in the table, the values of errors for U, U, and
U, are smaller for the experlmental heat exchanger than
for the heat exchanger designed by Zuritz. As these values
are not so large, they may be considered acceptable, as
well as the relation (10) for U, presented in this paper.

0.04+

Conclusions

A methodology for the calculation of effective overall
heat transfer coefficient in a triple concentric-tube heat
exchanger based on total thermal resistances have been
developed in this paper. The results of the case study
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concerning the heat transfer analysis for two different triple
concentric-tube heat exchangers proved that the effective
overall heat transfer coefficient can be calculated with
acceptable errors. Therefore, it can be concluded that the
relation established for U, (equation (10)) can be
considered useful, both in the deS|gn and in the control of
the operation in trlple concentric-tube heat exchangers.

Nomenclature

A - heat transfer area (A=mndL), m? c, -specific heat, J(/kg .C);

d -diameter, m; f -Darcy friction factor; h -convective heat transfer
coefficient, W/(m?°C); k -thermal conductivity, W/(m-°C); L -length,
m; m -mass flow rate, kg/s; Nu -Nusselt number; Q -heat flow rate,
W, Pr -Prandtl number; Re - Reynolds number; t -temperature, °C;
U -overall heat transfer coefficient, W/(m?-°C).

Subscripts

1 -inner tube/heat transfer between the inner two tubes;

2 -intermediate tube/inner annulus/heat transfer between the outer
two tubes; 3 -outer tube/outer annulus; C -cold fluid; ¢ -characteristic;
ef -effective; H -hot fluid; h- hydraulic; i -inner; in - inlet; Im -logarithmic
mean; o -outer; out -outlet; w -wall; t -heated.

Greek letters
A -difference; p -density, kg/m?.
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