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Abstract. In this paper, an iterative procedure for sizing shell-and-tube heat
exchangers according to prescribed pressure drop is shown, then the thermo-hydraulic
calculation and the geometric optimization for shell and tube heat exchangers on the
basis of CFD technique have been carried out. Modeling of shell and tube heat
exchangers for design and performance evaluation is now an established technique
used in industry. In this paper, a numerical study of three-dimensional fluid flow and
heat transfer in a shell and tube model heat exchanger is described. The baffle and
tube bundle was modeled by the 'porous media' concept. Three turbulent models were
used for the flow processe. The velocity and temperature distributions as well as the
total heat transfer rate were calculated. The calculations were carried out using
PHOENICS Version 3.3 code.
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1. INTRODUCTION

Often in thermotechnical and installations in chemical industry is necessary to replace
the damaged or too fouled HE-s. In such situation pressure drops of process fluids are
predetermined with available head of the pump aggregates. Also, it should be taken care
of not to cause disbalance of the pressure drop in installation net by installing the new
projected HE. In other words, we can say that pressure drop in HE is known in advance.

Iterative procedure is based on the fact that for the specified apparatus thermal power
(apparatus thermal power is given by project task) exists a hyperbolic relation between
overall heat transfer coefficient and heat transfer area:
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Basic idea in this algorithm is to find such opperation point (ki,Ai) by searching the
area k = f(A) in the interval Amin ≤ A ≤ Amax where Amin → 0, and Amax → ∞,which
corresponds to HE in which the pressure drops of process fluids are equal to the
prescribed pressure drops [23], i.e.:

all,upr,uu ppp ∆≤∆=∆    all,opr,oo ppp ∆≤∆=∆ (1.2)

or that at least one of the pressure drops is equal to prescribed one.
Of course, it should be taken care about recommendations for flow velocities, pipe

length and recommendations for geometrical characteristics of the space between pipes.
In this way, the whole range of dependence k=f(A) is practically investigated by this

iterative procedure, for prescribed pressure drops.
Considering previous it is desirable to design HE in a way of complete usage of

available pressure drop. This algorithm is based on modified both Polley's and Kern's
procedure.

Relation between tubeside pressure drop and tubeside heat transfer coefficient as well
as heat transfer area in the folowing form:
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and the average tubeside fluid velocity:
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where
n5,4Clok ⋅=    for HE with straight tubes, n5,2Clok ⋅=  for HE with U-tubes.

Relation between the shellside pressure drop and the shellside heat transfer coefficient
as well as the heat transfer area:
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and where the average shellside flow velocity is given by:
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The coefficients Cpu1, Cpu2, Cwu, Cwo and Cp0 depend on tube diameter, tube pitch,
number of passes of fluid through tubes and shell, thermo-physical properties and mass
flow rates of fluids.

By presented procedure one can get the set of geometries which satisfy the thermo-
hydraulic conditions of the project

Modeling of fluid flow and heat transfer phenomena in heat exchangers of arbitrary
geometry is a complex process. Successful modeling of this process relies on quantifying
the heat, mass and momentum transport phenomena. Generally speaking, Computational-
Fluid- Dynamics (CFD) has been successfully used for predicting flow and heat transfer
processes within complex geometry such as tube banks within heat exchangers. The
advantages of this practice include diagnosis of flow, rapid evaluation of novel process
route, and energy efficient and low cost design.

Heat exchangers have been extensively researched both experimentally and
numerically [1-16]. However, most of the CFD simulation on heat exchangers was aimed
at model validation. Also, very few applications can be found on using CFD technique as
a tool for heat exchangers design optimization. Equally there have been very few reports
on the effect of different turbulence models [18-20]. It is generally believed that heat
exchanger modeling does not justify the use of turbulence models higher order of two,
such as Reynolds stress model. But, it is still worth investigating the difference in the flow
field and heat transfer coefficients resulting from the use of different turbulence models.
This paper addresses these problems having two objectives. The first one is investigation
the effect of different turbulence models on the velocity field and heat transfer
coefficients (this is the objective of this paper). The second one is carrying out design
optimization calculations, i.e. investigation the effects of baffle length and position on
flow and heat transfer and choosing an optimal baffle size and position for the shell and
tube heat exchanger considered (this will by the objective of a future paper).

2. OBJECTIVE OF WORK

By using the previously presented iterative procedure, based on prescribed pressure
drop, the starting heat exchanger geometry (Fig.1) was determined, that satisfies thermo-
hydraulic conditions. The heat exchanger contains 120 staggered arranged tubes of
1.91cm in pitch, 76.2cm in length and 1.27cm in outside diameter. The shell side fluid
(combustion products) flows in cross flow direction. With a baffle in the middle along the
tube length, the shell side fluid changes its flow direction by 180 degrees and then flows
out. The cooling water flows inside the tubes. Computations were performed for Reynolds
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numbers up to 10000. Three different turbulence models were used to predict the
turbulence velocity field. Three-dimensional simulation of the fluid flow and heat transfer
processes was carried out.

yz
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Outlet Shell-Fluid

Inlet

Fig. 1. Heat exchanger model scheme (not scaled)

3. MATHEMATICAL MODEL

3.1. Governing Differential Equations

The equations, which are supposed to govern the distributions of the shell-fluid
averaged velocity components U, V and W in the three Cartesian coordinate directions x,
y and z are:
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Here t stands for time, P for pressure, ρ for density and fx , fy , fz for distributed-
resistance coefficients. The latter may vary in an arbitrary manner with position, time and
the magnitudes and direction of the velocities; but they are always greater then or equal to
zero.

The mass-conservation principle for the shell-fluid provides another differential
equation involving velocities, namely:
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The temperature TS of the shell-fluid obeys a differential equation that is similar form
to equations (3.1) to (3.3), namely:
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where, S
PC  is the specific heat et constant pressure; αS is a 'volumetric heat transfer

coefficient' (W/m3K), representing the intensity with which heat can pass from the shell-
fluid to the tube wall at temperature TW; λS is the thermal conductivity. The tube-fluid
temperature, TT, obeys a similar equation; however, since tube-fluid flows only in one
direction, with mass velocity  gT (kg/m2s), say, the equation has only one convection term.
It is:
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Here ρT, T
VC , T

PC  are the relevant properties of the tube-fluid, and the tubes are supposed
to be aligned with the z direction. Finally, there is a differential equation for the variation
with time of tube-wall temperature TW. It is:
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where ρW and W
VC  are the relevant properties of the tube-wall material.

There is an important remark to be made about all these equations: it is that the densities
ρ, ρT, ρW are to be interpreted as the mass of shell-fluid, tube-fluid and solid wall-
material, respectively, per unit heat-exchanger volume. Thus ρ is the density of the shell-
fluid multiplied by the proportion of the shell volume that is not occupied by the tubes
and their contents. The ρ's can of course vary from place to place within the heat
exchanger, to correspond with a non-uniform distribution of tubes. This practice is known
as the 'porous media' concept.

3.2. Auxiliary Relations

It is clear how the densities are to be calculated, but what about f 's and α,s ? For each
of these, we need algebraic relationships connecting them with the prescribed geometry,
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the fluid properties, and the local velocity components. Dimensional analysis reveals that
these relations must have the forms:
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with similar expressions involving  fy and  fz; and:
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with corresponding expression involving αT. Here L stands for a local length dimension,
for example the tube diameter, λ(W/mK) represents the thermal conductivity of the shell-
side fluid, and µ its viscosity. The functions may well posses more arguments than are
shown above; thus the tube-wall thickness and thermal conductivity will normally enter
the function FS in dimensionless form; and it will be the Reynolds and Prandtl numbers of
the tube-side fluid which mainly influence the function FT, from which αT is obtained.

The functions Fx, FS, etc. can be obtained from various fairly obvious sources. For
example, if y is the direction normal to the tube axis, Fy can be deduced from
experimental data on the pressure-drop performance of tube banks in cross-flow. Of
course, it may be that data cannot be found for the particular tube arrangement in
question, or for the influence of the velocity ratios U/V and W/V: then the Fy function
must be supplied in part by way of a more detailed theoretical study, new experiments, or
guesswork. The FT and FS functions are obtainable from published or newly developed
correlation for heat transfer in tube banks and rod bundles. Ordinarily allowance must
also be made for the heat-transfer resistance of the wall material and of layers of semi-
insulating deposits.

In the present calculations, the concept of distributed hydraulic resistance of the tube
bundle was used. It was first suggested by Patankar and Spalding [1] and then developed
and used by several other users [3-16]. The local hydraulic flow resistance, fx , fy an fz in
the momentum equations (3.1-3.3) caused by the tube bundle, are related to the pressure
loss coefficients ξx , ξy and ξz, by
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where Dh is the hydraulic diameter for shell-side fluid; p stands for tube pitch, β and β0
are local and overall volume porosity factor for shell-side fluid, respectively. Friction
factors, Cx, Cy and Cz, are given as:
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2) for parallel flow:
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where Reynolds number is related to the velocity components U, V, W and outer tube
diameter.

Volumetric heat transfer coefficient αS can be obtained from well-known correlation
of Nusselt, Reynolds and Prandtl numbers, having general form:

mn
21 PrReCCNu = (3.19)

were C1, n and m are geometrical factors which vary according to the correlation used,
and C2 is the row correction factor. According to reference [21], for Re > 6.0 E + 3 and
Pr ≥ 1.0, recommended values are: C1 = 0.3363, C2 = 0.96, n = 0.6 and m = 0.4. Nusselt
(Nu = hSD0/λS), Reynolds (Re = ρURD0/µ1) and Prandtl (Pr = Sl

S
P /C λµ ) numbers are

related to the shell-fluid properties and tube outer diameter, D0. Connection between
volumetric heat transfer coefficient αS (W/m3K), and convection heat transfer coefficient
hS (W/m2K) has to be deduced choosing a characteristic length of shell-side fluid.
Obviously, it is tube outer diameter, so αS = hS/D0. Tube-side volumetric heat transfer
coefficient αT (W/m3K) can be deduced according to Pethukov [17]:

1)(Pr)8/(7.12K
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ζ= (3.20)

where: 
10Pr1

0.63
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+
−+= , and 2)64.1Relog82.1( −−⋅=ς  is the friction coefficient

in turbulent flow of liquid in a smooth, round pipe. Similarly, Nusselt, Reynolds and Prandtl
numbers in correlation (3.20) are related to the tube-side fluid properties. Connection
between volumetric heat transfer coefficient αT and convection heat transfer coefficient hT is
based on tube outer diameter, so αT = hT/D0. Equation (3.20) agrees with the most reliable
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experimental data on heat and mass transfer to an accuracy of ±5% [17]. It is true in the
Reynolds number range 4×103 < Re < 5×106 and in the Prandtl (or Schmidt) number range
0.5 < Pr < 106.

3.3. Turbulence Models

Fluid flow is one of the important characteristics of a heat exchanger. It strongly
affects the heat transfer process of a heat exchanger and its overall performance.
However, modeling turbulent flow is complicated and time consuming. So, it is important
to choose an economic and suitable turbulence model. In this investigation, three different
turbulence models were used for the process in the heat exchanger. The turbulence
models are as follows.

1) Constant Turbulent Viscosity Model
This means that the turbulent viscosity µt is a constant all over the heat exchanger.

Previous researches used 20 to 40 times the value of the laminar viscosity µ1. It is
considered that a several-fold variation in µt  has no significant effect on the results. Thus,
µt was chosen to be 30 times the value of µ1 in the current calculations.

2) Standard k − ε Turbulence Model
The k − ε turbulence model proposed by Harlow and Nakayama (1968) is by far the

most widely used two-equations eddy-viscosity turbulence model, mainly because the εεεε
was long believed the require no extra terms near walls. The popularity of the model, and
its wide use and testing, has thrown light on both its capabilities and its shortcomings,
which are well documented in the practice. For high turbulent Reynolds numbers, the
standard form of the k − ε model may be summarized as follows:

)ν(

z
k

y
k

x
k

z
)Wk(

y
)Vk(

x
)Uk(

t
)k(

kt

2

2

2

2

2

2

k

t
l

ε−ρ=

=






∂
∂+

∂
∂+

∂
∂







σ
µ+µ−

∂
ρ∂+

∂
ρ∂+

∂
ρ∂+

∂
ρ∂

P
(3.21)

)CC(
k

zyxz
)W(

y
)V(

x
)U(

t
)(

2k1

2

2

2

2

2

2
t

l

ε−νερ=

=






∂
ε∂+

∂
ε∂+

∂
ε∂







σ
µ+µ−

∂
ερ∂+

∂
ερ∂+

∂
ερ∂+

∂
ρε∂

εε

ε

Pt

(3.22)

where kP is the volumetric production rate of turbulence kinetic energy k, by shear forces.
It is calculated from:
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Turbulent viscosity is deduced by eddy-viscosity concept, from locally distributed
turbulent kinetic energy k, and its dissipation rate εεεε:

ε
ρ=µ µ

2/3

t
kC (3.24)

The following model constant are normally used:

0.1k =σ , 314.1=σε , 09.0C =µ , 44.1C 1 =ε , 92.1C 2 =ε (3.25)

3) Chen-Kim k-ε Turbulence Model
The standard k-ε model employs a single time scale τ = k/ε to characterize the various

dynamic processes occurring in turbulent flows. Accordingly, the source, sink and
transport terms contained in the closed set of model equations (3.21 and 3.22) are held to
proceed at rates proportional to k/ε. Turbulence, however, comprises fluctuating motions
with a spectrum of time scales, and a single-scale approach is unlikely to be adequate
under all circumstances because different turbulence interactions are associated with
different parts of the spectrum. In order to ameliorate this deficiency in the standard
model, Chen and Kim (1987) proposed a modification, which improves the dynamic
response of the ε equation (3.22) by introducing an additional time scale τCK = k/Pk. In
addition, several of the standard model coefficients (3.25) are adjusted so that the model
maintains good agreement with experimental data on classical turbulent shear layers. In
view of its success for a number of high recirculated-flow calculations, this modification
of k −−−− εεεε model was used.

The modification involves dividing the εεεε production term (3.22) into two parts, the
first of which is the same as the standard model but with a smaller multiplying coefficient,
and the second of which allows the turbulence distortion ratio Pk /ε to exert an influence
on the production rate of εεεε. According to the authors, the extra source term represents the
energy transfer rate from large scale to small-scale turbulence controlled by the
production-range time scale and the dissipation-range time scale. The net effect is to
increase εεεε, and thereby decrease k, when the mean strain is strong Pk /ε > 1, and to
decrease εεεε when the mean strain is weak Pk /ε < 1. The feature may be expected to offer
advantages in recirculated flows and also in other flows where the turbulence is removed
from local equilibrium. The modified k-εεεε model differs from the standard high-Reynolds-
form of the k-εεεε model in that:

a) the following model constants take different values:

75.0k =σ , 15.1=σε , 09.0C =µ , 15.1C 1 =ε , 9.1C 2 =ε (3.26)

b) an extra time scale is introduced in the εεεε equation (3.22) via the following
additional source term per unit volume:

k
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where Cε3 = 0.25 and f1 is the damping function, introduced for low-Reynolds number,
which tends to unity at high turbulence Reynolds numbers.

4. COMPUTATIONAL DETAILS

A 32×10×70 non-uniform numerical grid (x, y, z - directions) was used. Previous
researchers [2, 21] have shown that this grid-resolution can give grid independent results.
Computations were carried out for a shell-fluid Reynolds number of Re = 1.0×104  (based
on the velocity and hydraulic diameter at entry of the heat exchanger), at 120oC inlet
temperature. An inlet water temperature was 20oC and water mass velocity was

skg/m5.0g 2T
in = . Regarding the tube out diameter and cell dimensions, the local volume

porosity factor β = 0.653 in the tube bundle region and β = 0.588 near the walls, were
used. The overall volume porosity factor β0 = 0.653 was used. The special Neighbor-
Technique was used which produce sources along-the-tube convection fluid-to-metal heat
transfer. Also, additional subroutines have developed in order to calculate distributed
hydraulic resistances of the tube bundle and local volumetric heat transfer coefficients.
The steady-state flow was considered, with constant densities.

5. DISCUSSION OF RESULTS

Obviously, influence of different turbulence models to the governing equations 3.1-
3.3, is introduced via effective viscosity, that is sum of laminar and turbulent part
(νeff = ν1 + νt). The eddy-viscosity (νt) distribution is shown in Fig. 6, that is comparable
to the constant value, introduced in the first turbulent model, νt = 4.355E − 04[m2/s].

It can be seen from Fig. 6, that eddy-viscosity distribution in both turbulence models
is similar, but with different magnitude, approximately by two orders. Furthermore, these
values are much greater then constant value in the first turbulence model
νt = 4.355E − 04[m2/s].

Because this parameter directly influences the viscous contribution of shear stresses in
equations 3.1-3.3, it can be conclude that the third turbulence model is the most
appropriate one. In the previous study [14], differences between the same turbulence
models were not found. It should be expected because the viscous terms, in equations of
motion 3.1-3.3, were omitted in these calculations. So in that case, the influence of eddy-
viscosity was out of consideration. It is true that the influence of the wall-shear stresses
are included via distributed resistance (3.10-3.12), but it is not reason to omitted the
viscous terms in equations of motion, because they are influenced by turbulence via eddy-
viscosity.

Additional parameter, that can help as to estimate the turbulence model validation is
pressure distribution, shown in Fig. 3. As can be expected, the highest-pressure drop was
obtained by the Chen-Kim modifications of k − εεεε turbulence model. Certainly, it is the
consequence of effective viscosity level. The consequences of different turbulence models
to the shell and tube fluid temperature are shown in Fig. 4 and Fig.5, respectively. It can
be seen that higher heat flow rate was obtained by calculations with the third turbulence
model. Finally, it can be concluded that Chen-Kim modification of k − εεεε turbulence
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model give the most accurate velocity field then turbulence model of constant eddy-
viscosity or standard k − εεεε turbulence model

 
(a)

(b)

(c)
Fig. 2. Velocity distribution Fig. 3. Pressure distribution
a) constant viscosity; b) standard k − εεεε model, c) k − εεεε - Chen-Kim model
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(a)

(b)

(c)

Fig 4. Shell-fluid temperature distribution Fig. 5. Tube-fluid temperature distribution
a) constant viscosity; b) standard k − εεεε  model, c) k − εεεε - Chen-Kim model



Design of Shell-and-Tube Heat Exchangers by Using CFD Technique – Part One 1103

(a) (b)
Fig. 6. Eddy-viscosity distribution

a) standard k − εεεε model, b) k − εεεε - Chen-Kim model

6. CONCLUSION

 A three-dimensional numerical simulation of fluid flow and heat transfer in a shell-
and-tube heat exchanger has been carried out.

 The effect of different turbulence models on both flow and heat transfer is
significant. This is due to the introduction effects of eddy-viscosity. It was
concluded that Chen-Kim modification of the standard k − εεεε turbulence model give
the best agreement to the experimental data of velocity field.

 Flow process has an important effect to heat transfer. An optimal flow distribution
can result in a higher heat transfer rate and lower pressure drop. Therefore, the
optimization of flow distribution is an essential step in heat exchanger design
optimization.

 CFD technique has demonstrated to have great potential in predicting the
performance of both existing and newly developed that transfer equipment.

 Further improvements of heat transfer and fluid flow modeling are possible,
specially in algebraic terms of local distributed resistance and volumetric heat
transfer coefficients. But, it should be followed by more detailed experimental
investigations and numerical simulations of locally flow field of tube bundle.
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PROJEKTOVANJE DOBOŠASTIH IZMENJIVAČA TOPLOTE
PRIMENOM CFD TEHNIKE

- PRVI DEO: TERMO-HIDRAULIČKI PRORAČUN

Žarko Stevanović, Gradimir Ilić, Nenad Radojković,
Mića Vukić, Velimir Stefanović, Goran Vučković

U ovom radu je prikazana jedna iterativna procedura za određivanje geometrije dobošastih
izmenjivača toplote bazirana na pripisanom padu pritiska procesnih fluida, a zatim je primenom
CFD tehnike izvršen termo-hidraulički proračun i optimizacija usvojene geometrije razmenjivača
toplote. Dizajniranje razmenjivača toplote primenom CFD tehnike sve više se primenjuje u
industriji. U ovom radu je razmatrano trodimenzionalno strujanje fluida i razmena toplote u
dobošastom razmenjivaču toplote. Primenjen je koncept porozne sredine. Korišćena su tri
turbulentna modela. Određena su brzinska i temperaturska polja procesnih fluida u omotaču i
cevima razmenjivača toplote. Proračun je izvršen primenom PHOENICS-a 3.3.

Ključne reči: dobošasti razmenjivač toplote, turbulentni model, CFD


