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Abstract

A detailed one-dimensional steady and transient numerical simulation of the thermal and fluid-dynamic behaviour of triple concentric-
tube heat exchangers has been developed. The governing equations (continuity, momentum and energy) inside the inner tube and the annul
(inner and outer), together with the energy equations in the inner, intermediate and outermost tube wall and insulation, are solved iteratively
in a segregated manner. The discretized governing equations in the zones with fluid flow are coupled using an implicit step by step method.
This formulation requires the use of empirical information for the evaluation of convective heat transfer, shear stress and void fraction. An
implicit central difference numerical scheme and a line-by-line solver was used in the inner and intermediate tube walls and the outermost
tube wall with insulation. All the flow variables (enthalpies, temperatures, pressures, mass fractions, velocities, heat fluxes, etc.) together
with the thermophysical properties are evaluated at each point of the grid in which the domain is discretized. Different numerical aspects and
comparisons with results obtained from the technical literature are presented in order to verify and validate the model.
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1. Introduction An important variety of technical situations can be treated

3 assuming steady or transient one-dimensional flow, for

gexample, all those involving flow through tubes and ducts
(double pipe, shell-and-tube, fin-and-tube heat exchangers,

Triple concentric-tube heat exchangers are used for di
ferent products and are found in dairy, food, beverage an
pharmaceutical industries. Almaball liquid products can be
pasteurized through one of these heat exchangers. Examplegtc-)- _ ) )
of such products are milk, cream, pulpy orange juice, apple Zuritz [1] developed a set of analytical equations for
mash, liquid eggs, sauces, etc. fluid temperatures and conducted a case study for triple

Triple concentric-tube heaxchangers improve the heat tube counter-flow heat exchanger. Unal [2] obtained a fully
transfer through an additional flow passage and a larger hea@nalytical expressions for the variations of bulk temperatures
transfer area per unit exchanger length compared to a doublef the three fluid streams along the heat exchanger based
concentric-tube heat exchanger. on a simplified physical model. Unal [3] presented several

In order to optimise the effectiveness of the heat exchang-case studies for counter-flow arrangement and it has been
ers, and consequently the energy consumption and costdemonstrated that the heat eadlger performance/or size is
more accurate and general methods of prediction of their strongly dependentupon the radii of the three tubes. Unal [4]
thermal and fluid-dynamic behaviour are required. The in- derived a fully analytical expressions for the effectiveness
herent complexity of the heat exchanger design in aspectsof triple concentric-tube heat exchangers with both counter-
such as geometries and fluid flow patterns, means that theflow and parallel-flow arrangements based on the previously
possibilities of analytical solutions are very limited with- obtained temperature distribution expressions [2].
out assuming stringent simplifications (e.g., analytical ap-  The objective of this work is to develop numerical
proaches such as F-facterNTU, etc.). Numerical methods  criteria which allow the simulation, in both transient and
allow the governing equations to be solved with fewer re- steady state, of the thermal and fluid-dynamic behaviour

strictions. of a triple concentric-tube heat exchanger. The numerical
solution in the zones with fluid flow has been performed by
E-mail addressogv@cie.unam.mx (O. Garcia-Valladares). discretization of the one-dimensional governing equations
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Nomenclature

A cross sectionarea..............c.oviuun.. 2m & roughness ..., m
cp specific heat at constant pressure :kgJ*-K 1 T SNEAr StreSS. .. ..o, Pa
cv control volume A thermal conductivity ............ wh1.K—1

D diameter...........co i m dynamic ViSCOSItY ... .......covvvevnn.... Ba

e specific energyi + v%/2+ gzsing)... Jkg~* P effectiveness of the heat exchanger

f friction factor &g void fraction

g acceleration due to gravity ............. 917 Ap  PresSUre drop..........coooeeeiiieiiiann, Ra
G mass velocity .................. kgfz‘sfi At temporal discretizationstep ................ s
h enthalpy ... kg~ Ar radial discretizationstep .................. m
L length........ooovvi M Az axial discretizationstep ................... m
m MASS . . o vttt ettt kg

m mass flux............coeviiniin.... gt Subscripts

n number of control volumes E, e east

p pre?SSUre ................................. Pa g gas or vapour

P pgrllmeter ........... P R EEET TR M  inner annulus inner surface

Pt friction power e>_<pend|ture ................ W liquid

q heat flux per unitarea................ V-2 N.n  north

[0) heat flux ..o W outer  annulus outer surface

r radius........... G m radial direction

Re Reynolds numbe(rT) S.s south

t tme ..o S i two-phase

T temperature............ K

v VElOCItY . ..o st Wow west

Xg vapour mass fraction . axial direction

p axial coordinate 0 previous instant

Greek letters Superscripts

0 ANGIE. .o rad * guessed values

0 density . ......cooiiiiii kg3 - arithmetical average over a CV:

@ two-phase frictional multiplier ¢ = (i +¢i+1)/2

o heat transfer coefficient ......... W2.K~1 ~ integral average over a CV:

8 rate of convergence ¢=(1/A2) /;”AZ ¢ dz

based on an efficiently coupled fully implicit step by step phase flow, liquid or gas, represents a particular case).
method over control volumes (CVs) [5-7]. A characteristic CV is shown schematically in Fig. 1,

The local fluids products and water thermophysical prop- where i’ and ‘i 4+ 1’ represent the inlet and outlet sections
erties are evaluated using values obtained from technical lit- respectively.
erature and REFPROP v.7.0 [8], respectively. The solid ele-  Taking into account the characteristic geometry of ducts
ments (tubes and insulation) are accurately solved consider{diameter or diameters, length, roughness, angle, etc.), the
ing multidimensional heat transfer effects.

Details of the mathematical formulation and the differ-
ent numerical techniques employed are firstly shown. Then,
different numerical aspectsepresented and finally com-
parisons of numerical solutions with results obtained in the
literature are shown.

2. Mathematical formulation

2.1. Flow inside ducts

The mathematical formulation of the two-phase flow
is evaluated inside a characteristic CV of a tube (single- Fig. 1. Flow inside a control volume.
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governing equations have been integrated assuming thefactor is defined from the expression= & (f/4)(G2/2p)

following assumptions: [9], where @ is the two-phase factor multiplier. The one-
dimensional model also requires the knowledge of the two-
e one-dimensional flowp(z, 1), h(z,t), T(z, 1), etc. phase flow structure, which is evaluated by means of the void
¢ negligible axial heat conduction inside the fluid and fractione,. Finally, heat transfer through the duct wall and
radiation effects. fluid temperature are related the convective heat transfer

coefficientw, which is defined asy = gwan/ (Twail — Tiuid)-
The semi-integrated governing equations over the above

mentioned finite CV, have the following form [7]: 2.2. Heat conduction in the inner and intermediate tubes

- wall
e Continuity:
[m]{Jrl + a_m -0 1) The conduction equation has been written assuming the
! ot following hypotheses: one-dimensional transient tempera-
e Momentum: ture distribution and negligible heat exchanged by radiation.
1 L i A characteristic CV is shown in Fig. 2, wherB"represents
[rige ] T+ [ ] + Az—— the central node,E’ and ‘W’ indicate its neighbours. The
i1 B t_ CV-faces are indicated by", ‘' w’, ‘n’ and ‘s’.
=—[pli"”" A —7tPAz —mgsin¥ (2) Integrating the energy equation over this CV, the follow-
e Energy: ing equation is obtained:
T . i+l | (s Img de . dh
el [rgleg =]} + (B = 2) E et Gk = da )+ (G —d)A=m @
3¢ ap am - . _ _
+ my—— = AAza— + (6 —&)— o = =¢PAz (3) whereg, andgq, are evaluated using the respective convec-

tive heat transfer coefficient in each zone, and the conduc-
tive heat fluxes are evaluated from the Fourier law, that is:

where¢ represents the integral volume average of a generic
—Xe(0T/02)e andqw = —XAyw(0T/02)y-

variableg over the CV and its arithmetic average between e =
the inlet and outlet of the CV. The subscript and superscript

in the brackets indicate{X]ﬁJrl = Xiy1 — X;, i.e., the 2.3. Heat conduction in the outermost tube wall and the
difference between the quanti/ at the outlet section and  insulation

the inlet section.

In the governing equations, the evaluation of the shear  The outermost tube wall is solved in a similar way as de-
stress is performed by means of friction factor f. This scribed in the previous section for the inner and interme-
diate tubes. The conduction equation for the insulation has

T been written assuming transient axisymmetric temperature
W » n|e E distribution and negligible heat exchange by radiation with
i-le — ;f/ /fi o7 ® j+] the external a}mbien.t. Eq. (4) can als_o be applied over the
e annular CVs in the insulation (see Fig. 3). The north and
B — I— _ - . south interfaces are evaluated from the Fourier law, except
in the tube-insulation interface (where a harmonic mean is
Fig. 2. Heat fluxes in a control volume of a solid. used taking into account the distances between the interface
1 i nz
nr &
= z S r — 5"
1 - : - - - -
1 =iy i nz+l
1 &gy i nz+l
1 —» ';‘1 i ]lz+l f T
—lE 1727354 "5 % 71
< L »

Fig. 3. Node distribution along the pfie concentric-tube heat exchanger.
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and the central node of the CV in the interface in both ma-
terials together with their different conductivities) and in the
insulation-ambient interfac&here the heat transfer by nat-
ural convection is introduced.

3. Differentiation between Regions (if change of phase,
condensation or evapor ation, occurs)

The differentiation between the three main regions exist-
ing in both the condensation and the evaporation processe
is given by the enthalpy, pressure and vapour quality. These
conditions are:

o Liquid region: whem: (p) < h;(p), thenx, =0.

e Two-phase region: when;(p) < h(p) < hg(p), then
O<xg, <1

e Vapour region: whet(p) > hg(p), thenx, = 1.

Whereh,;(p) andh,(p) represent the saturation liquid and
gas enthalpy for a given pressyre

4. Evaluation of empirical coefficients

The mathematical model requires information about fric-
tion factor f, convective heat transfer coefficiantand the
void fractione,. This information is generally obtained from
empirical or semi-empirical eeelations. After comparing
different empirical correlations presented in the technical lit-
erature, the following one was selected for in this article:

Single-phase

In the single-phase regiongsubcooled liquid or super-
heated vapour), the convective heat transfer coefficient is
calculated using the Nusselt number for uniform heat flux
and the Gnielinski equations [10] for laminar and turbulent
regimes respectively (the change between both regimes

considered when the Reynolds number is equal to 2000). The

friction factor is evaluated from the expressions proposed by
Churchill (cited by Lin et al. [11]). The void fraction and
mass fraction (quality) is equal to 1 if the fluid is a super-
heated vapour and zero if it is a subcooled liquid.

Annulus flow

The friction factor is calculated using the expressions cor-
responding to single-phase flow with the hydraulic diame-
ter. For turbulent regimes, the convective heat transfer due
to both tube walls are calculated using the Monrad and Pel-
ton correlations proposed specifically for annulus (cited by
Jakob [12]); for laminar ones, Martin [13] correlation for an-
nulus with both surfaces heated is used.

S
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5. Numerical resolution
5.1. Spatial and temporal discretization

Fig. 3 shows the spatial discretization of a triple con-
centric-tube heat exchanger. The discretization nodes are
located at the inlet and outlet sections of the CVs in the
fluid flow zones, while the discretization nodes are centred
in the CVs in the tubes wall and insulation. Each one of
the fluids has been divided into, volumes (i.e.n, + 1
nodes). The internal tubes has been discretized into
control volumes of lengthz. The external tube and the
insulation are discretized inte,xn, control volumes of
length Az and widthAr, whereAr = (rg — r5) for j =1
andAr = (r7 —rg)/(n, — 1) for j > 1.

The transitory solution is performed at every time step
At. Depending on the time evolution of the boundary
conditions, a constant or variable value off can be
selected.

5.2. Flow inside annulus and the inner tube

The discretized equations have been coupled using a
fully implicit step by step method in the flow direction.
From the known values at the inlet section (pressure and
temperature or quality) and guessed values of the wall
boundary conditions (wall tempetae distribution obtained
from the previous outer iteration), the variable values at
the outlet of each CV are iteratively obtained from the
discretized governing equations (see next section). This
solution (outlet values) is the inlet values for the next CV.
The procedure is carried out until the end of the tube is
reached.

5.2.1. Discretization equations

For each CV, a set of algebraic equations is obtained by a
discretization of the governing equations (1)—(3).

In the sectionmathematical formulationthe governing
equations have been directly presented on the basis of the
patial integration over finite CVs. Thus, only their temporal
integration is required. The transient terms of the governing
equations are discretized using the following approximation:
ap/0T = (¢ — ¢°)/At, where ¢ represents a generic
dependent variablep(= &, p, T, p, etc.); superscripts”
indicates the value of the previous instant.

The integral volume averages of the different variables
have been estimated by thdéthmetic mean between their
values at the inlet and outlet sections, thatds= ¢;
(¢i +9iv1)/2.

Based on the numerical approaches indicated above, the
governing equations (1)—(3) can be discretized to obtain the
value of the dependent variables (mass flow rate, pressure
and enthalpy) at the outlet section of each CV. The final form
of the governing equations are given below.

S
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The mass flow rate is obtained from the discretized 5.2.2. Boundary conditions

continuity equation Inlet conditions. The boundary condibins for solving a
. . AAz Y step by step method directly are the inlet mass fliy,),
Mitl =i == (Pp — Aip) (5) pressure pin) and temperaturéfi,) or mass fractior(xgin)
where the two-phase density is obtained fragg:= pge, + in the cases of two-phase flow. From any of these values
(L—eo)p1. (temperature or mass fraction) and the pressure, enthalpy
In terms of the mass flow rate, gas and liquid velocities (the dependent variable) abtained. Other boundary condi-
are calculated as, tions such asiin, pout) OF (Pin, Pout) O (Pin, Mou) Can be
i (1 - xg) solved using_a Ngvvton—Raphson algorit_hm. The method is
= ) V=|—r— based on an iterative process where the inlet mass flux or the
pPgEgA pr(l—egg)A . ) ) .
- ) © inlet pressure is updated until global convergence is reached.
The discretizeanomentum equatiois solved for the outlet
pressure,

Az ) ) Solid boundaries. The wall temperature profile in the tube
Pi+1=pi — — |:(¢innerfinnerplnner+ DouterfouterPouter) (constant or variable) or the heat flux through the tube wall
A in each CV must be given. These boundary conditions are
72 expressed in the energy equation in the following compact

m _ .
X —8)(_)tpA2 + ptp Agsing form:-
. _ i+1 > o A i
N [ (xgvg + (1 —xg)vn)]; Lmom } (6) gwall = (1 — B)gwall + Bor(Twanl — Tuid) 9)
Az At

where, the subscript ‘inner’ and ‘outer’ in the annulus whereg = 1, if the boundary condition is the wall tempera-
indicates the effects of friction due to the inner and outer ture, and8 = 0, if the heat flux is given. An adiabatic bound-
surfaces. In the case of the flow in the inner tube only the ary condition can be given § = 0 andgwa = 0.
outer surface exists.

From theenergy equatior{3) and thecontinuity equa-
tion (1), the following equation is obtained for the outlet en-
thalpy:

5.2.3. Solver
In each CV, the values of the flow variables at the out-
let section of each CV are obtained by solving iteratively
the resulting set of algebraic equations (continuity, momen-
tum, energy and state equations mentioned above) from the
Az } known values at the inlet section and the boundary condi-
c

hit1= [Z(t}wall,innerﬂnner—i- t}wall,outerPouter) Az

— i1 +mib + tions. The solution procedure is carried out in this manner,

moving forward step by step in the flow direction. At each

opAAZ] 1 : i
X [m,- L1+ + P } (7 cross section, the shear stresses, the convective heat fluxes
At and the void fractions are evaluated using the empirical cor-
where relations obtained from the available literature (Eealua-

tion of Empirical Coefficien}s The transitory solution is it-

) eratively performed at each time step. Depending on the time

b = (xgvg + (1 —xo)vy); — gSINOAZ + hj evolution of the boundary conditns, a constant or variable
o _ - —0 =02 value of At can be selected.

c=2(pi = pY) = Pip(hi — 2h?) — (597 — °%")

Temperature, mass fraction and thermophysical properties
are evaluated using matrix functions of the pressure and®-2:4. Convergence _ _
enthalpy, refilled with the fluid products properties evaluated ~ Convergence is verified at each CV using the following
using literature information or REFPROP v.7.0 (in the case condition:
of water and air) [8]: *

¢i+1 — i
T=fp.h). xg=fp.h).  p=fp.h).... (8) (1— ‘Ts
The above mentioned conservation equations of mass, mo-
mentum and energy together with the thermophysica] prop- Whereqb refers to the dependent variables of mass ﬂUX,
erties, are applicable to transient two-phase flow. Situationspressure and enthalpy; angh represents their values at
of steady flow and/or single-phase flow (liquid or gas) are the previous iteration. The reference valae is locally
particular cases of this formulation. Moreover, the mathe- evaluated asp; 11 — ¢;. When this value 4¢) tends to
matical formulation in terms of enthalpy gives generality of be zero, for example, in the case of mass flux variable in
the analysis (only one equation is needed for all the regions)steady stater; 1 = m;), A¢ is substituted by; 1 and the
and allows to deal with cases of mixtures of fluids. numerator is substitued lay, ;.

a = (xgvg + (L —xg)u)7,, +gSINOAZ — h;

) <3 (10)
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5.3. Heat conduction in the inner and intermediate tube 6. Numerical algorithm
wall
At each time step solution process is carried out on
The following equation has been obtained from Eq. (4) the basis of a global algorithm that solves in a segregated
for each node of the grid: manner the flow inside the inner tube, the flow inside the
inner and outer annulus and the heat conduction in the

a; Twall,i = bi Twall,i+1 + ¢i Twall,i—1 + d; 11 . . ) .
oWl Wa_ ’_+ el ' (D) inner and intermediate tubes and the outermost tube with
where the coefficients are, insulation. The coupling between the six main subroutines
AwA A A AAz has been performed_ iteratively at eac_h time step following
4 == + Az + (a5 Ps + oy Py) Az + DAL the procedure described below (see Fig. 4):
AeA . - . .
bi = == o For fluid flow inside the inner tuhehe governing equa-
AAZA tions are solved considering the tube wall temperature
w

distribution as boundary coittbn, evaluating the con-
Az vective heat transfer in each CV.

d; = (s Ty + o PaTy) Az + AAAtZ pep T o Forfluid flow inside the inner annuluthe same process
(as above) is carried out considering both wall tempera-

The coefficients mentioned above are applicable fari< tures (inner and intermediate tube wall).

n, —1;fori =1 andi = n, appropriate coefficients are used

to take into account the axial heat conduction or temperature

boundary conditions. The set of heat conduction discretized| Pata: Geometry, houndary conditions, etc.

equations is solved using the algorithm TDMA [14].

Ci =

. . . T;:ra]]s
5.4. Heat conduction in the outermost tube and insulation
The following equation has been obtained for each node nmflﬂ”msm the
. inner tube
of the grid:
>
apTwalli,j = agTwall,i+1,; + aw Twall,i-1, Fluid flow inside the
inner annulus
+anTwall,i, j+1 + asTwall,i, j—1 + dp (12) I
where the coefficients are, Fluid flow inside the
o A A A Ay PyAZ outer annulus
awy = ——, ag = , aN = ——
v Az £ Az N Ar — tuh*wa]l
A PyAZ . AAz T e
as=——, dp=——pcp temperature
Ar At *
ap=aw +ag +ay +as+dp, dp =dpTya,;. Nierampdiime e
The coefficients mentioned above are applicable fari2< wall temperature
n, — 1 and 2< j < n, — 1; for the nodes in the frontier the -
following considerations have been applied: Outermost tube wall with
insulation temperatures
e Forj =1, forced convection is considered in the south
face. Tube wall thermal conductivity in east and west
faces and insulation thermal conductivity in north face

are evaluated at the mean temperature between the node
that separate them.

e For j = n,, natural convection with the ambient (using
the correlation developed by Churchill and Chu [15])
and conduction through the adjacent layer of insulation
of th!c!mess equal tanr/2 are considered. Thermal con- i sulil engeratires
ductivity values are evaluated at Fhe node tgmperatures. Effectiveness, Power expenditure

e For i =1 andi = n,, appropriate coefficients are END
used to take into account the axial heat conduction or
temperature boundary conditions. Fig. 4. Numerical algorithm flow diagram.

Maps for variables in fluids
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o For fluid flow inside the outer annuluthe same process 7.1. Comparison of numerical results with analytical
(as above) is carried out considering both wall tempera- solution
tures (intermediate tube wall and outermost tube wall).

e In the inner tube wall the temperature distribution 7.1.1. Comparison with an analytical solution for axial
is re-calculated using the fluid flow temperature and conduction in a tube

convective heat transfer cdiefents evaluated with the The code has been verified for the case of a single tube in
energy equation in the fluid flow inside the inner tube steady state conditions. Extremes are considered isothermal.
and the inner annulus. The internal and external fluids have different uniform

e In the intermediate tube walthe temperature distrib- ~ temperatures with known unifortreat transfer coefficients.

ution is re-calculated using the fluid flow temperature ~ The analytical solution (based on the standard theory of
and convective heat transfer coefficients evaluated with heat transfer for fin surfaces with constant sectional area) is

the energy equation in the fluid flow inside the inner and generated for the axial condition in tubes as follows [16]:

outer annulus. o _ Twall: = C1e"™ + Coe ™™ + T (13)
o In the outermost tube with insulatipthe temperature

distribution is re-calculated using fluid flow temperature Where
and convective heat transfer coefficients evaluated with &y — P1emL
the energy equation in the outer annulus and the natural €2 = e—mL _ gmL’ C1=P1-C2
nvection h ransfer fficient eval for th
convection heat transfer coefficient evaluated for the 5 _ (Toxtremen — T). @7 = (Textromee — T)

external ambient accordirto Churchill and Chu [15].
afluid,extPextTfuid, ext 1 iuid,int Pint THuid, int

T =
It is assumed that the streams in the inner tube and the ofluid, extPext + ofluid, int Pint
outer annulus are fed by the same pumping source which 2 _ ofluid,extPext + fluid, int Pint
implies that the pressure drop at the inner tube and at outer AwallA

annulus should be equal [3]. For this reason, the mass flowThe comparison between nurieal and analytical solutions

in each stream (inner tube and outer annulus) is iteratively has been made for the following casgxremen = 30°C,
evaluated by a Newton—Raphson algorithm in such a way 7o,yeme. = 51°C, Thuid.ext = 45°C, Thuid.int = 28.5°C,

that the pressure drop is the same, and the outlet pressure igg g ext = 20 W-m=2.K~1, ofiuidint = 40 W-m—2.K-1,
also iteratively evaluated by a Newton—Raphson algorithm p;,; = 0.0079 m, Dey; = 0.0095 m, L = 1.0 m, Awal =
until the imbalance of the global mass conservation equation400 W-m~1.K~1 (the conductivity is approximately of
between the two streams is verified. copper tubes).

The governing discretized equations corresponding to a In this case, the maximum error in a CV is lower that
steady state situation are the same equations (5)—(7), (11)0.06% for grids with more than 40 CVs. Fig. 5 shows the
(12) without considering the temporal derivative terms. This comparison between analytiGd numerical results for the
situation can be solved using a pseudo-transient calculationcase of 40 CVs. An excellent degree of correlation can be
with a guessed initial condition (for example, fluids a
rest and uniform temperature in the whole domain). In
transient situations, the initiaonditions must be completely
specified (i.e., the complete distribution of the variables in
the whole domain). Sometimédkese initial conditions are 50
obtained from a steady state solution.

The global convergence is reached when between two _,
consecutive loops of the six main subroutines is verified by & 45
Eq. (10) for all the CVs in the domain.

55

[ ] Numerical solution
Analytical solution

40

Temperature

7. Numerical results

Results obtained with the numerical simulation devel- 35
oped are presented. Firstly, numerical result for the solids
is compared with the analytical solution of a single case in
order to verify this subroutine. Finally, different numerical 1) <N IR RN FUNE FRNEY FRNES FRNS FENTS FETT
results for triple concentric-tube heat exchanger are com- 0 01 02 03 04 05 06 07 08 09 1
pared with data obtained from the technical literature, and Axial position [m]
the operational performance with counter and parallel flow Fig. 5. comparison between analytical and numerical solution using 40 grid
arrangement are illustrated. nodes.
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observed in the numerical solution with a reasonable numbersiiy + 3 = 10000 kgh~! has been considered as the cold
of CVs. The sigmoidal trend of this curve is due to that the fluid entering the heat exchanger (variable thermophysical
heat transfer by convection is higher than the heat transfer byproperties according to REFPROP v.7.0 [8] has been taken
conduction therefore only near the extremes the heat transfelinto account for water). The hot fluid is considered to be
by conduction is appreciable and the temperature tends toflowing in counter-flow direction in the inner annulus and
the extremes temperatures. If the heat transfer by conductiorfor the case of1 = r, = 0 m (double concentric-tube heat
will be much higher than the heat transfer by convection then exchanger) it is considered to be flowing inside the inner
the profile of this curve should be a line between the two tube.
extremes temperatures. The analyses are carried out by taking a fixed value of
the intermediate tube radiuss, at a time and varying the
7.2. Comparison of numerical results of triple-tube heat size of the inner tube;, between; = 10 x 103 m and
exchangers with technical literature data r1 = (r3 — Ar1) m with Ar; =5 x 103 m intervals. Five
values ofrz (r3 = 30, 40, 50, 60 and 7& 103 m) are
In these analyses, the mass flux inside the inner tubeconsidered. Case studies have been carried out for three
and the outer annulus are determined considering that bothdifferent mass flow rates of the hot fluigh§ = 2000, 3000
streams have the same pressure drop along the heat exand 5000 kgh™1).

changer as mentioned in the sectionfamerical algorithm Differences between the rdiobtained with the steady

Once the mass flow rate and the temperature distributionstate model by Unal [3], and the formulation model pre-
are determined, the heat exchanger effectivenésalcu- sented in this paper are principally due to the following rea-
lated as a performance parameter using the next definitionsons: the correlations used for the heat transfer coefficient
[3]: and the friction factor are different between both works (and
0O o — il alsg, the Fransjtion criterion. k_)etween laminar and tL_eruIent

e= 2 = 2rzout™ iz (14) regimes, in this work the critical Reynolds number is 2000

Omax  1072¢p)min(T2,in — T1in) l and in the Unal’s work is 2300); the flow through the inner
The total friction power expenditurg; is used as another  tube and the outer annulus is evaluated by Unal [3] consider-

performance parameter, which is calculated from [3]: ing frictional drops only (neglecting local pressure drops). In
WiApL  aApy  raAps this work,. the mass flow in each stream (inner tube and outer
Pr=——4+——+ — (15) annulus) is iteratively evaluated by a Newton—Raphson algo-
PL p2 r3 rithm in such a way that the pressure drop is the same, and

Where subscript 1, 2 and 3 indicate the flow inside the inner the outlet pressure is also iteratively evaluated by a Newton—
tube, the inner annulus and the outer annulus respectively. Raphson algorithm until the imbalance of the global mass
All the numerical results presented in this paper have conservation equation betweéme two streams is verified;
been obtained using an appropriate number of CVs to getUnal’s [3] work does not take into account the thickness of

grid-independent solutions. tubes and it does not consider the thermal resistance and heat
transfer through tube wall. Also the cross sectional areas of

7.2.1. Comparison with the theoretical analysis by flow are different because Unal’s [3] does not take into ac-

Unal [3] count the thickness of tubes; Unal [3] considers thermophys-

In this section, different cases corresponding to a counter-ical properties of water to be constant which, in the analyses,
flow triple concentric-tube heat exchanger are comparedresults in constant heat transfer coefficients along the flow

with the theoretical values obtained by Unal [3]. instead of a variable one. In spite of the differences men-
For all the cases (see Fig. 3): =30 m, r5 = 80 x tioned above, both models give similar tendencies for the

103m, r7=87x103m, (2o —r1)=1x103m analyses cases (as it is demonstrated later) with all the three

(thickness of the inner tube)rs— r3) and (rg — rs5) = flows presented in the tripleoacentric-tube heat exchanger

2 x 10~3 m (thickness of the intermediate and outermost in a turbulent regime.

tube respectivelyy) = 0 andé = 1.5 x 10~ m for all the Fig. 6(a), (b) show as Unal [3] mentioned and the model

surfaces. Tubes are of stainless steel and the insulation oftonfirms: “It is clear that larger effectiveness are achieved
armaflex. The ambient temperature has been fixed RC25  for small values of-3, especifically forrs = 40 x 1073 m

The numerical parameters age= 106 Az =0.1 m and and 50x 10~2 m (in the model here presented also larger
n, = 5. The empirical correlations used in this case are the effectiveness are obtained feg = 60 x 103 m)”. With a
same as mentioned in the sectiondéwaluation of empirical double tube heat exchanger of same length and outer tube

coefficients radius L = 30 m andrs = 80 x 10~3 m, considering1 =
A liquid food product with a constant thermophysical r» =0 m) would yield a maximun effectivenessf 0.528
properties ofpp = 1020 kgm~—3, cp2 = 4000 kg~ 1K1, atan inner diameter of = 50 x 103 m; it is apparent from

pn2=15x 103 Pas, 2, =05 W-m~L.K~1 and an inlet  Fig. 6(a) that adding a third tube with a radiusgf= 30 x
temperature of 80C has been considered as the hot fluid. 10~2 m, for example, would increase the effectiveness to a
Water atTy = T3 = 15°C, p1 = p3 = 1 bar andm13 = value ofe = 0.843 which may be translated into more than
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Fig. 6. Variation of (a) effectiveness and comparison with results obtained
by Unal [3] of (b) effectiveness and (c) total frictional power expenditure
with the inner and intermediate tubednas, for a triple tube heat exchanger

whenrip = 2000 kgh™1.
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whenr; = 50x 10~2 m, with the performance parameters of
& =0.943 andPr = 1.038 W. The exchanger effectiveness
owes its higher values for 3010723 <3 <60x 103 mto
turbulent fluid flows in all the three streams.

Fig. 6(c) shows as Unal [3] mentioned and the model
confirms: “For small values ofz (r3 < 50 x 10°3 m),
Pr is quite low at the beginning. For larger values rgf
(r3 > 60 x 10~2 m) relatively high total frictional power
expenditures are obtained at small.

30% increase in the exchanger duty (heat transfer rate). Even  Fig. 6(a)—(c) show that relative sizes of the tubes (tube

a larger value ot = 0.972 could be obtained if the inner
tube radius is increased t9 = 45 x 10~3 m for the expense
of Pr = 7.946 W instead of the value afy = 0.956 W
occurring atr; = 30 x 103 m (see Fig. 6(c)). The model
estimated a better operational point fgr= 60 x 103 m

radius) that form the heat exchanger play a very important
role on the exchanger performance.

Figs. 7(a), (b) and 8(a), (b) show that the most convenient
operational exchanger parameters are limited within the
range ofr3 =60 x 1073 m andr; = 40 x 1073 m to
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kg-h=1. 5 3
700 <
50 x 10~3 m for s = 3000 kgh~1 andr3 =60 x 1073 m ; ]
andry = 35x 10-3 m to 45x 10~3 m for iz, = 5000 kgh~. 600 f—tmmi - 00
Laminar flow conditions where found in some parts of istance [l
. . . . C
the heat exchanger in the following cases: in the flow in ©

the inner tube for; = 10 x 1073 m andrz =30x 1073 m

to 40 x 10-3 m; for the flow in the outer annulus fef >

50 x 1073 m andrz = 70 x 103 m. For both situations, the
laminar regime produce lower heat transfer coefficients but
it does not affect the numesl results significantly because dotted-dotted line is due to a large change in the heat transfer
the mass flow through these tubes for these cases is very lowcoefficient between laminar and turbulent flows.

compared with the flow in the outer annulus or in the inner  Fig. 9(a)—(c) illustrates the temperatures, Reynolds num-
tube, respectively; for the flow in the inner annulusifor- bers and heat transfer coefficients along a counter flow triple-
50x 103 m andr3 = 70 x 10~2 m andrizz = 2000 kgh~1. tube heat exchanger withy = 40 x 10~3 m, r3 = 50 x
Laminar regime in this case affects a lot the numerical results 10-3 m andri, = 2000 kgh~1. Fig. 9(a) shows the simu-

as it is shown in Fig. 6(a); the discontinuity in this dashed- lation flows and tube wall temperatures along the heat ex-

Fig. 9. Numerical (a) temperatuge(b) Reynolds numbers and (c) heat
transfer coefficients distribution for a counter flow triple tube heat ex-
changer £1 = 40 x 103 m, r3 = 50 x 10~3 m andrizp = 2000 kgh™1).
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changer; the flow temperatures between the fluid in the in-
ner annulus and the water in the inner tube and outer an-
nulus increases with the distance due to the counter flow 0.9
arrangement. Fig. 9(b) shows the Reynolds number profiles.
It is clear in this figure that considering variable thermo-

. > S 08}
physical properties in the water, the Reynolds number has a [
important changes along the heat exchanger (for example, g I
in Fig. 9(b), in the inner tube and the outer annulus the 07|
Reynolds number ranges from 14000 to 19540 and from ﬁ i
7520 to 9660 respectively; these changes are due to thatthe . I
dynamic viscosity in the water changes with temperature, for 7 o o
example, in the inner tube considering an atmospheric pres- 4 rijSOmm counterflow
sure,u = 1.139x 103 Pas at 15°C andy = 8.157x 1074 055" T T omm parmt o
Pas at 29°C). This produces important variations in the heat - T aame :::::z:m
transfer coefficients (Fig. 6]). Due to this the heat trans- oali b T
fer between different flows and the effectiveness in the heat °o 2o X 0 7
. .pe . 1
exchanger can change significantly compared with cases @
considering constant thermophysical properties (as in liquid
food in the inner annulus, where the Reynolds number and 8o - 80
.. . — — — T, innertube counterflow
the heat transfer coefficient remain constant along the length T, inner annulus counterflow
of the heat exchanger). 70 T mer e patot o 70
———— T, inner annulus parallel flow
. ———- T, outer annulus parallel flow
7.2.2. Comparison between a counter-flow and a parallel 60 60

flow triple concentric-tube heat exchanger

The same case presented above with the inner annulu
mass flow rate of 2000 kij~* (712) andrz =40x 1073 m
to 60 x 10~2 m is now evaluated considering that heat
exchanger works in parallel arrangement. The numerical §
results obtained for these cases are compared with the results
obtained for the counter-flow ones.

Fig. 10(a) shows that the differences between both flow

50

40 40

Temperature [°C]

Moo b by by by

30

perature‘f‘C]
[4)]
o
\\\III\IIIIIIIIIIIIIIIIIIIII

arrangements are relatively small for small valuesrgf = 4_4—///’ """  _m==EET 120
but they increase with increases ip (this is due to that oo - :
with small values ofr; the mass flow rate and the heat 10—t bbb o
transfer area through the flow inside the inner tube is too Distance [m]

small and the heat transfer of this fluid to the fluid in the (b)

inner annulus is also small, with increasesirihese values g 10, (a) variation of effectiveness and (b) temperatures distribution
are higher and due to the effectiveness of a counter flow along the heat exchanger with a courftew and parallel w arrangement.
arrangement in the inner tube higher than in a parallel
one, also the difference in the global effectiveness in the heat”quid food is better than with a parallel flow arrangement).
exchanger between both arrangementincreases). Comparinghe temperature difference between the liquid food in
both configurations (parallel and counter-flow arrangement) the inner annulus and water in the inner tube and outer
for their better operation pointsg= 60 x 10-3 m when  annulus increases with the distance from the inlet of the heat
r1 =50 x 1072 m, with the performance parameters of exchanger (inlet is represented by a distance equal to 0 m in
¢ = 0.943 for counter-flow arrangement anc= 0.811 for  Fig. 10(b)) for counter flow arrangement, while it decreases
parallel arrangement), the effectiveness would increase byfor parallel flow.
more than 12% using a counter-flow arrangement.

Fig. 10(b) shows the temperature distribution along the 7.2.3. Comparison with a simplified model
heat exchanger for both arrangements (the case is the same The case (same as Fig. 9(&)= 40x 103 m, r3 = 50 x
of Fig. 9(a),r1 = 40 x 103 m, r3 = 50 x 103 m and 10~3 m andm, = 2000 kgh~1) has been evaluated with
iz = 2000 kgh™Y), for the flow in the inner tube and a simplified model that considers thermophysical properties
in the inner and outer annulus. The outlet temperature in of water to be constantp(= 999 kgm=3, ¢, = 4189
the inner annulus 7, liquid food) in the counter flow  Jkg= 1K1, 4 =1.14x 103 Pas,» =059 W-m~1.K1)
arrangement is about” lower than in the parallel one (this  and without considering the thickness of tubes and with it,
is due to the effectiveness in the counter flow arrangementit does not consider the thermal resistance and heat transfer
is higher and the heat transfer rate between the water andhrough tube wall.
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Fig. 11. Numerical (a) temperatwe(b) Reynolds number and (c) heat
transfer coefficients distribution along the heat exchanger with the model
and a simplified one.

Fig. 11(a)—(c) illustrates the temperatures, Reynolds num-

bers and heat transfer coeféints between the simplified
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erties in the water, the Reynolds number has important
changes along the heat exchanger. This produces important
variations in the heat transfer coefficients (Fig. 11(c)). Due
to this the heat transfer beden different flows and the ef-
fectiveness obtained in the heat exchanger can change sig-
nificantly using a simplified model.

The performance parameters for this simplified model
are ¢ = 0915 and Pr = 1.121 W againste = 0.934
and Pr = 1.375 W, obtained with the model considering
thickness of tubes, heat transfer through them and variable
thermophysical properties of water. A relative discrepancy
of 2.1% in the effectiveness and 18.5% in the power
expenditure Pr) has been obtained between both models.
If the same case is evaluated changing the length of the
heat exchanger to 10 m instead of 30 m, the effectiveness
calculated with the simplified model is 0.585 against 0.621
obtained with the complete model. Therefore a relative
discrepancy of 5.8% has been obtained.

According to the results obtained in this section, the dif-
ference between the model here presented and a simpli-
fied one will depend of the geometry, material, fluids and
working conditions used (for example, in this case, if the
thickness of the tubes is greater, the tubes materials present
lower thermal conductivity than stainless steel and the ther-
mophysical properties of the fluids have more important
changes with the temperature, the discrepancies obtained be-
tween a simplified and a complete model could be much
more important).

Moreover, the complete model here presented considers
more realistic situations, such as transient effects, heat con-
duction within the tube walls, temperature dependent fluid
properties and the possibility of two-phase flow conditions.
Analytical approaches (Zuritz [1], Unal [2-4]) cannot con-
sider these possibilities.

Other considerations. As the mass flow in two streams
(inner tube and outer annulus) is iteratively evaluated by
a Newton—Raphson algorithm in such a way that the pres-
sure drop is the same, and the outlet pressure is also iter-
atively evaluated by a Newton—Raphson algorithm until the
imbalance of the global mass conservation equation between
the two streams is verified,epending on the real triple
concentric-tube heat exchanger geometry and the number
and type of singularities (for example, inlet and outlet sec-
tions, see Fig. 12(a), and elbows, see Fig. 12(b)), the pressure
drop through these singularities in the heat exchanger could
greatly affect the flow through both streams (inner tube and
outer annulus) due way the flow is evaluated in each one.
For this reason, information about the specific construc-
tion and final installation of eadhiple concentric-tube heat
exchanger given by the manufacturer is needed in order to

model and the complete one here developed. Fig. 11(a)introduce in the model the pressure drop and heat transfer

shows the variation in simulation flows and tube wall

in these singularities and obtain more accurate results for

temperatures along the heat exchanger for both models;predicting their thermal and fluid-dynamic behaviour com-

Fig. 11(b) shows the Reynolds number profiles. It is clear
in this figure that considering variable thermophysical prop-

paring it with a real system. In this way, the model here
presented can be an excellent tool to optimise the efficiency
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The model presented considers realistic situations, such
as transient effects, heat conduction within the tube walls
and insulation, temperature dependent fluid properties and
the possibility of two-phase flow conditions. Analytical
approaches cannot considhese possibilities.

The models for solid walls and insulation developed have
been validated with analytical solution of heat conduction.
In general, the flexibility and generality of the detailed sim-
ulation model is demonstrated in this paper by comparison
with different cases.

The model developed can be an excellent tool to optimise
the efficiency of triple conceric-tube heat exchangers, and
consequently the energy consumption.
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Fig. 12. Singularities in triple concentrtabe heat exchanger: (a) inlet and
outlet sections and (b) elbows (if they exist).

8. Concluding remarks



