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Abstract

Performance of a dairy heat exchanger declines as milk fouling deposits on the heating surface. It causes an increased resistance to
heat flow thereby the milk outlet temperature decreases with increasing fouling thicknesses. Various models have been suggested for the
prediction of fouling thickness and milk outlet temperature in a heat exchanger. The present paper describes an improved simulation
model for the accurate estimation of fouling thickness and milk outlet temperature. Local fouling factor in terms of the Biot number
is used in the work undertaken. Fouling thickness and milk outlet temperature are predicted as a function of time and over the entire
length of the heat exchanger. Right from the beginning fouling occurred to a greater extent towards the outlet and with the progress of
time the rate of increase of the fouling thickness decreased. The milk outlet temperature decreased with the time as the fouling increased.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Milk fouling has been one of the main challenges for
researchers [1]. Not only the effect but also its mitigation
strategy is an important area of concern. Proper and effec-
tive control of milk fouling demands the accurate measure-
ment of its extent i.e. amount, thickness, distribution, etc.
A complete and satisfactory mechanism of milk fouling is
not yet clear. For online measurement of milk fouling in
a processing plant indirect measurements are suitable. Var-
ious models have also been suggested for prediction of
fouling in a heat exchanger [2-6]. These models are based
on different mechanisms of fouling and one of them is
the Fryer and Slater model [7,8]. Simulation of milk fouling
in a heat exchanger has been described by earlier research-
ers [7,8]. Some researchers have suggested a computer-
based iterative solution for the accurate estimation of heat
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transfer coefficient [9] and solution to check the drop in
milk outlet temperature due to fouling in a tubular heat
exchanger [10]. A temperature dependent milk fouling
model has been formulated and simulated in a double con-
centric tube heat exchanger to predict fouling thickness on
the heat exchanger surface [11]. A fouling model based on
the Fryer and Slater model was developed for double tube
heat exchanger [7] and later on modified for a helical triple
tube heat exchanger [8]. In all the previous models [11,7,8]
simulation was done using ‘C’ as the programming lan-
guage. But in the models values of various parameters were
taken as constant parameters, whereas most of them are
temperature dependent (Table 1). In the same models, val-
ues of model constants and heat transfer coefficients were
calculated separately and used throughout the simulation
as constant. Hence it is required to integrate these as
dependent parameters within the programme and a real
time estimation of the heat transfer coefficient before the
final simulation is carried out. Keeping these points in
mind the present work has been taken up to improve upon
the simulation of milk fouling in a helical triple tube heat
exchanger. The procedure of the simulation model for milk
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Nomenclature

Ay area of flow of working fluid [m?]

Ap heat transfer surface area based on inside diam-
eter of middle tube [m?]

Ag heat transfer surface area based on outside
diameter of innermost tube [m?]

Ay constant [m~']

Ap constant [m ']

Bi; modified Biot number on outer surface of inner-
most tube

Bi,, modified Biot number on inner surface of mid-
dle tube

Cor specific heat of working fluid [J/kg K]

D, coil diameter [m]

Deq equivalent diameter of tube [m]

Dy inner diameter of innermost tube [m]

D; inner diameter of middle tube [m]

D, outer diameter of innermost tube [m]

Dy» outer diameter of middle tube [m]

E; activation energy on outer surface of innermost
tube [J/mol]

E, activation energy on inner surface of middle
tube [J/mol]

f(Biny;) function of Biy;

fiBiy,) function of Biy,,

g acceleration due to gravity [9.81 m/s?]

hea steam/condensate heat transfer coefficient due
to innermost tube [W/m? K]

heo steam/condensate heat transfer coefficient due
to outermost tube [W/m? K]

he film heat transfer coefficient with fouled layer
present [W/m? K]

h¢ film heat transfer coefficient without fouling
[W/m? K]

I milk side heat transfer coefficient [W/m? K]

i, ] index

ke thermal conductivity of condensate [W/m K]

kq thermal conductivity of fouled layer [W/m K]

kai deposition rate constant due to outer surface of
innermost tube [s']

kdo deposition rate constant due to inner surface of
middle tube [s~]

ke thermal conductivity of milk [W/m K]

ki removal rate constant due to outer surface of
innermost tube [s7']

keo removal rate constant due to inner surface of
middle tube [s~]

ks thermal conductivity of stainless steel [W/m K]

L length of tube [m]

my mass flow rate of process fluid [kg/s]

N number of nodes

Nwu Nusselt number

Np, Prandtl number

Nge Reynolds number

Nrge.  critical Reynolds number

q1
q2

rdi

rd2

Tiiwan

T;
To2wall

vr

heat transfer rate [W]

heat transfer rate through innermost tube [W]
heat transfer rate through middle tube [W]
universal gas constant [8.314 J/mol K]

radius up to fouled layer due to outer surface of
innermost tube [m]

radius up to fouled layer due to inner surface of
middle tube [m]

inner radius of innermost tube in HTTHE [m]
inner radius of middle tube in HTTHE [m]
outer radius of innermost tube in HTTHE [m]
outer radius of middle tube in HTTHE [m]
time [s]

mean temperature of bulk fluid [°C]

process fluid temperature [°C]

steam side film temperature in innermost tube
[°C]

steam side film temperature in outermost tube
[°C]

temperature of wall at inner side of innermost
tube [°C]

inlet temperature of milk in the HTTHE [°C]
temperature of wall at outer side of middle tube
[°C]

outlet temperature of milk in the HTTHE [°C]
temperature of steam [°C]

overall heat transfer coefficient due to inner
surface of middle tube with fouling [W/m? K]
overall heat transfer coefficient due to inner
surface of middle tube without fouling [W/m? K]
overall heat transfer coefficient due to outer
surface of innermost tube with fouling [W/m? K]
overall heat transfer coefficient due to outer
surface of innermost tube without fouling
[W/m? K]

average velocity of process fluid [m/s]

Greek symbols

He

Ao
AT
ot

Ox

¢mi
Prmo

Pe
Pr

A

Tc

viscosity of condensate at film temperature
[Pa s]

time interval [s]

logarithmic mean temperature difference [°C]
finite time interval [s]

finite length of element [m]

film coefficients and thermal conductivity ratio
for outer surface of innermost tube

film coefficients and thermal conductivity ratio
for inner surface of middle tube

density of condensate [kg/m?]

density of process fluid at mean temperature
[kg/m’]

latent heat of condensation [J/kg]

mass flow rate of condensate per unit perimeter
[kg/m]
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Table 1

Physico-chemical parameters used in the simulation [10]

Parameter Calculation Source
Specific heat of milk [J/kg K] C,=1.68x T+ 3864.2 Sahoo (2001)
Viscosity of milk [Pa s] 1 =(—0.00445x T+ 0.947) x 103 Sahoo (2001)
Thermal conductivity of milk [W/m K] A=10.00133 x T+ 0.539911 Sahoo (2001)
Milk density [kg/m’] p=1033.7 — 0.2308 x T — 0.00246 x T* Sahoo (2001)
Viscosity of condensate [Pa s] p=(=7.0x10"8x T +4.0x 107> x 720.0089 x T+ 0.8342) x 107>  Sahoo (2001)
Thermal conductivity of condensate [W/m K] 4 =0.57026 + 0.16899 x 1072 x T — 0.60033 x 107> x T2 Empirical eq.
Density of condensate [kg/m?] p =1000.76 — 0.12132 x T — 0.28125 x 102 x T* Empirical eq.
Latent heat of vaporization [J/kg] hgg = 2553840.0 — 293893 x T Sahoo (2001)
Thermal conductivity of deposit [W/m K] A=3.73xexp(-2.5x 1074 x T) + 0.27 Delplace and Leuliet (1995)

fouling in a helical triple tube heat exchanger is described
Outer tube wall

here and results are compared with experimental data. - Steam e
: U, AT, -T, )6t
L1
2. Theoretical consideration Middle tube wall ST st
Ay, p,C,T,0t —» A p,C, Ef&c&l —> A,p,C,, [T, +§fd\j5t

A helical triple tube (concentric) heat exchanger as Milk —
described by [12] was taken up for modeling milk foul- Inner tube wall -
) . . . . . UAT,-T, ) 6t
ing; detailed dimensions are given in Table 2. In the heat “«— -«

. . Steam

exchanger milk flows through the middle annular space S Ry
and steam flows in the innermost pipe and in the outer- « S >
most annular space. Thus milk is heated up from both : :
the sides. Fig. 1. An element of the heat exchanger showing enthalpy balance.
2.1. Enthalpy balance in the control element

The enthalpy balance is applied on the outer surface of Outor tabe wall
the inner tube and the inner surface of the middle tube, dlerfube wa
which is shown in Fig. 1. Distribution of fluid, wall and «— Steam Ty,
deposit temperatures in a concentric triple tube heat y— / T2
exchanger is shown in Fig. 2. Middle tube wall 4

N TiZwaIl/
The enthalpy balance is given by Deposits

Ta
0T — Milk Ty
AppopCppdt — Ap prvrCpp (Tf Jrg&f Ot +Uo iAo (Ts— Ty)dt /_A__’l_\r:/_%,\
ST Deposits H
: Z} wai
+ UizAiz(Ts - Tf)at :Afpfcpfs—tf&cﬁt Inner tube wall ; ! ”\
3 Titwa\ T,
. cp s - Steam ' \ T
Simpliftying T B T — - Temperature
c & & — (UOIA’I + UizA’Z)(TS — Tf) 1) Fig. 2. Distribution of fluid, wall and deposit temperatures in a concentric
ox ot prpf triple tube heat exchanger.

Table 2
Dimension of UHT milk sterilizer [12]
Heat exchanger dimension Heating section Holding section Cooling section
Diameter [mm] Innermost tube Inner 6.0 12.7 9.0

Outer 8.5 15.0 13.0

Middle tube Inner 12.7 - 22.2
Outer 15.0 - 25.4
Outermost tube Inner 22.3 - -

Outer 25.4 - -

Length [m] 2.3 1.0 2.1

Coil diameter [m] 0.3 - 0.3
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where,
y Aol 2TU"018)C 27"01
n= ) 2 =2 2
Aedx  m(rh —r3)0x 1y —ry
Ai2 211:}"125)( Zl”iz
Azz = =

= =2 2 2 2
Aedx  m(ry —r3)0x 1y —ry

Fluid temperature is expressed in partial differential
form by Eq. (1) which is used in the model. Heat transfer
rate is calculated by

q = mepf(Tout - Tin) (2)
Based on the overall heat transfer coefficient ¢ can also

be obtained by

q=(q: + ) = (Uoido1 + Uppdip) AT, (3)

2.2. Evaluation of heat transfer coefficients of the process

fluid

When a fluid flows in the annular region of tubes, the
fluid side convection heat transfer coefficient can be calcu-
lated under turbulent flow conditions by the following
equation [13]:

Di 0.53
Ny, = 0.027N%S N9 (Dzl) (4)

To get the fluid-side heat transfer coefficient of a helical
triple tube heat exchanger, Eq. (4) should be modified [14]

by multiplying a factor of {1 + 3.5(%?)] The modified
equation can be written as

ke 0.8 470.33 Di 0 Deq
he = 0.027TN;°N,7° (| — 1+35 5
f <Deq) Re*" Pr Dol + Dc ( )

Eq. (5) is valid for Ng, = Ng.. and 7 < Np, <700 [15].

2.3. Evaluation of condensate heat transfer coefficients

Based on the assumption that the flow of the condensate
is laminar i.e. 2% < 1.2 x 10* and ke, p and p are estimated
at the film temperature, the condensate heat transfer
coefficients can be obtained from the following equations
[16]:

B0 ol 0.25
hey = 0.5754 ol & and (6)
1Dit (Ts — Tiiwan)
K g ] 0.25
ho = 0.7250 — 7
? |::ucD02(TS - T02wall) ( )

All the properties in the above equations are taken at the
film temperature, which are initially assumed as:

Ty =Ty —0.75(Ts — Tijwan) and (8)
Tz = Ty — 0.75(Ts — Toavan) ®)

Based on the principle of the heat flux equivalence con-
cept, new wall temperatures are calculated by the following
equations:

Ts — Tiwan _ Titwan — Tom

: =— and (10)
he1 Dy In D%l X
2ks + hmDol
Ts_ T02wall o T02wall _Tbm (11)
I o D
hea Do In D%zz |
ks hm Dy

2.4. Evaluation of overall heat transfer coefficients

To calculate overall heat transfer coefficients, the follow-
ing equations are used based on conduction and conven-
tion in cylindrical co-ordinates:

1
1 Dol ln[D)(.’1 D1
U, =|— il o d 12
o <hf+ 2k +hchil an (12)
-1
1 Dpln%2  po
Up = R 13
g <hf+ 2k haDo (13)

2.5. Heat transfer equations for HTTHE

(i) Without fouling, the outside surface of the inner
tube

o hlryln (%t
q, | hf el (’il> Til

—_ 7 14
h(f)Ail B + ks +rol ( )

Ty—Tp =

_np Mo ()

. S — 15
¢m1 hcl + ks ( )
q1 = Ugdo(Ts — T¥) (16)

1 1 ol :|
=70 mi +1 17
Ug  h [¢ Til {17

(i1) With fouling, the outside surface of the inner tube

() o) o
q: E+hfrl 0 +hfr1 o +ﬂhf

T, — T, = hi
! h{Ai | he ks kq ra hy
(18)
q, = Uolel(Ts_Tf) (19)
and
HirorIn ()
Bipi = —————+
i 0
1 1 1 7y {1’11 . hy ri
- S TG TR (I 20
Ug U KB ory i’ol( ) he rap (20)
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(ii1) Without fouling, the inside surface of the middle tube

He hfl"oz In (Z°2> o
B I S -V >

77 P TS @b
Putting,

he hfroz In (f—z)
bno = f+ 22)
and
¢, = UpAn(Ts — Ty) (23)
Then,
o5t ore | @

(iv) With fouling, the inside surface of the middle tube

he hfi"oz In ( ﬂ2) /’107"02 In (r ) ¥ he
_ e S 4 e/ 4 27

Ty—Tp =

) ! h?Aoz he ks kq raohy

(25)

Using
¢ = Updi(Ts — Tt) (26)
and

gl (E)
Bino = kyq
we get

1 1 1 T2 [7o2 . h rip

— — |— (Bipo — 1 27

Un Ufz—i—ha 702 |:ri2( : )+hf a2 1)

Substituting 7L (Bzml -1+ h‘f L, with f{Bin;); the equation
becomes

1 - 1 +f(Bim0) 2
Up U B e

or,
| B+ Ubf (Bino) (2)

Up hU?,

or,

Ui2 _ h? U:’Z

i+ S (Bio) (22) U2
Similarly, substituting “2 (Bzmo -1+ h‘ :;2 with A(Bin);
from Eq. (20), we get

huU?,
hy + U”lf(Bzm,)

Ug = (28)

i1

where f{Biy;) and f(Bi,,) are functions of Biy; and Bip,,,
respectively.

Using the characteristic technique as described by Acri-
vos [17], Eq. (1), a partial differential equation can be con-
verted to an ordinary differential equation. The ordinary
differential form of Eq. (1) is

% rolU ho
& 2T U B £l
I’leohg Tszf (29)
i+ UL f (Bimo) 12| (15, — 751)pcCrt

2.6. Fouling model for a helical triple tube UHT milk
sterilizer

For developing the model for fouling in a helical triple
tube UHT milk sterilizer, a model as suggested by Fryer
and Slater [18] for a tubular heat exchanger was used with
suitable modifications. The basic equations used for depo-
sition rate and description of the modification made in the
aforesaid model are as follows:

dBiy; _ E; .

a = kg exXp |: RTﬁ:| kiBim; (30)
hol"ol In (;Li)

Bini = —7—7—+ (31)
Bi

d lmo = ko exXp |: RT; :| — kioBimo (32)

o
&m_hml 2) (33)
kq

2.7. Formulation of the local fouling rate model

Based on the principle of the heat flux equivalence con-
cept Ty is substituted in Eq. (30), then the local overall rate
of solid accumulation on the outer surface of the inner tube
can be represented as

B [E (bt Bim) +2) ]
lmi_ pyexp [—=
dr R(T+273)(f Bim) + ) + [(T1 +273) by

— kyiBimi (34)

Similarly, the local overall rate of solid accumulation on

the inner surface of the middle tube can be represented as
given below:

<¢mo +f(Blm0) +'y%22>
R (T +273)(f (Bimo) +22) +[(T1 +273) 1]

— kyoBine (35)

2.8. Determination of activation energy, deposition and
removal rate constant

During the initial fouling period, the rate of removal is
almost negligible. Therefore, the net rate of fouling is only
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due to the rate of deposition [18]. Thus it can be assumed
for the initial period only

kriBimi — 0 and krOBimo — 0

The Arrhenius plot of the initial fouling rate can be
shown for the outer surface of the inner tube of a heat
exchanger by the expression

dBimi —E
7 kgi. exp (Rle) (36)
or,

(37)

dBiy; E
—1 m) B nky
n(dt) RTq 7

Plotting — In (i) vs ﬁ’ activation energy (E;) and
deposit rate constant on the outer surface of the inner tube
(kqi) can be evaluated from the slope and intersect of the
plot, respectively.

Similarly the expression for the inner surface of the mid-

dle tube can be shown as

dBin,\  E
ln< i > = Rl — In kg, (38)

Plotting — In (=) vs 77—, activation energy (E,) and
deposit rate constant on the inner surface of middle tube
(kqo) can be evaluated from the slope and intersect of the
plot, respectively.

After a long time when an equilibrium or stable Biot
number has been attained, the deposition rate becomes
equal to the removal rate on the fluid side of heat exchan-
ger surface. It can be written at this point: di% =0 and

d"i% = 0. Hence Egs. (30) and (32) can be reduced to

E;
kdi €Xp <— Rle> = kriBimioo

e kgi exo [ — E;
" B P\ RTy,

and similarly,
kdo Eo
— _ 4
5 = B ex"( Rsz> (40)

2.9. Numerical procedure

(39)

The number of nodes ‘N’ along wa-characteristics was
selected. The temporal separation of nodes along a-charac-
teristics were thus set [11].

L 1
Ao =——.— (41)
N-—-1 Ur

Values of Biot numbers, Ty and T are known at certain
nodes corresponding to the initial conditions and boundary
values.

(1) Initial conditions
Biyi(i,0) =0, fori=1,2,3,...N
Bino(i,0) =0, fori=1,2,3,...N
(i1) Boundary conditions
Tube side fluid temperature 7(i,j) is defined for each

simulation. Integration of Egs. (29), (34) and (395)
using the Modified Euler’s technique gives

d7; Ao
Tei+1/2) =Tl )+ > (42)
(i)
j A
Binolij +1/2) = Binolij) + S22 25 a3)
LAy
il A
Bini(i,j +1/2) = Bimi(i, ) + di’m‘ = (44)
L ly)
dr
T+ 1) =Telij) + | A (43)
E(ir1/2)
Bino(i,j + 1) = Bino(i,j) + df:m" Ax (46)
Lol
Bini(i,j+ 1) = Bini(i, ) + q Ao (47)
LG je1)2)

3. Experimental fouling

An experiment was conducted on a helical triple tube
UHT milk sterilizer. Milk was preheated to 93 °C in a
steam-jacketed pan and supplied to the inlet of a heat
exchanger by means of a centrifugal pump. Increase in
the temperature and a pressure drop were recorded for
75 min of operation. These results were then used to vali-
date the simulated results.

4. Fouling simulation procedure

Milk fouling simulation was carried out to study the
fouling behaviour of milk on both surfaces of the helical
triple tube UHT sterilizer along its length with time and
temperature. The heat transfer coefficients were determined
as shown in Fig. 3. The local fouling rate model (Eq. (1))
was derived based on the Kern and Seaton model [18]. It
was modified for a helical triple tube heat exchanger. Then
overall heat transfer coefficients were derived under fouling
and non-fouling conditions. By means of an enthalpy bal-
ance on a control volume of the heating section, the change
in temperature with time was derived in a partial differen-
tial equation form. Then using a characteristics technique
as described by Acrivos [17] and application shown by
Fryer and Slater [18,19], the partial differential equations
were converted to ordinary differential equations. Integra-
tion of these constitutive equations were performed by
a modified Euler’s technique [7]. The values of the Biot
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4

Input
Dimensions of HTTHE,
Tin> Tour ,Q and T

Calculate
U, (eq. 12) and Ujz(eq. 13)

¥

v

Calculate
Milk properties at T,

)

Calculate
q,;(eq. 19) and g, (eq. 26)

'

Calculate
ratio r=gy/q,

Calculate
NRe, Npr,Nny (eq. 4)
and /i (eq. 5) for milk

v

!

Calculate
Water properties at T;

v

Calculate
q;=q/(1+r) and g,=g-q,

v

Calculate
new Ay (eq. 12 and 13)
and mean hy

Calculate,
hei(eq. 6) and hc2(eq. 7) for steam

A

!

Calculate
q(eq.2)

'

Initialize

hy by the value obtained above 47@4—‘

v

Initialize <
Steam-side wall temperatures

¥

Calculate
Uyi(eq. 19) and Ujz (eq. 26)

v

Calculate
new Ay (eq. 12 and 13)
and mean hy

Calculate
Condensate temperatures (eq. 8 and 9)

Y

Calculate

Water properties at condensate temperatures

v

Calculate
herand hep(eq. 6 and 7)

v

Calculate
Wall temperatures (eq. 10 and 11)

Are new wall

temperatures
same as the

initial

Initialize
hy by the value obtained above

v

Fig. 3. Flow chart of computer simulation for estimation of heat transfer coefficients.

Is
new hy= initial Ay

Replace by new hy

Replace hyby new hy

Final
hf, hep, and heo
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number and fouling deposits on the outer surface of the
inner tube (Biy,; and ;) and on the inner surface of the mid-
dle tube (Biy, and J,) were obtained at selected nodes
along the length of the heat exchanger at different process-
ing times.

A computer programme was written in ‘C’ to simulate
the milk outlet temperature (Fig. 4). After the milk outlet

Input
Dimensions of HTTHE,
Tin> Touw» Q and T

Select
type of milk for respective
values of constant.

Input
T(mLmin and Txﬁmax

Calculate
milk properties at 7},

Calculate
Vfs Nges Npr

Calculate
water properties at T

Calculate
Ny, for milk (eq. 4)

Calculate
hy(eq. 5), he; (eq. 6) and
he>(eq. 7) and optimize
as shown in Fig. 3

Calculate
f(Biyi) and f(Biy,)

Calculate
localized k,; and k4, constants

Develop differential equations
eq. 29, 34 and 35

Set initial and boundary
conditions for
Biyis Bino and Ty

Iterate
Next Biy;, Biy, and Ty

Fig. 4. Flow chart of computer simulation model for estimation of milk
fouling.

temperature is simulated, the fouling thickness is deter-
mined based on the enthalpy balance and assuming a con-
stant heat flux across the heat exchanger wall.

5. Model input

The physico-chemical parameters, used in this work,
can be calculated from different equations as presented in
Table 1.

6. Simulation results and discussion

The modified Euler’s technique was applied to solve
Egs. (29), (34) and (35). In the 2.28 m long heat exchanger,
nodes are selected at intervals of 0.05 m, so there are total
46 nodes. The number of nodes can be changed, but it
should not be too small to cause a large deviation from
actual values of the model output. Thereafter the number
of iterations was calculated by dividing the total time of
processing by the time required by milk to travel the whole
length of the heat exchanger. Then using Egs. (42)—(47),
milk outlet temperature (77), Biot Numbers (Biy,; and Bi,)
and fouling deposits (J; and J,) were simulated at the
selected nodes along the length of helical triple tube heat
exchanger.

From Fig. 5, it is evident that the temperature increases
along the length of the heat exchanger towards the outlet.
With the progress of time, the temperature drops gradually
at the respective nodes along the length of the heat exchan-
ger. This is due to the occurrence of fouling. From simula-
tion a constant outlet temperature of 133 °C was found
after 75 min. It means that at this point the rate of solid
deposition is equal to the rate of solid removal. In the
experiment a constant outlet temperature of 129 °C was
found after 75 min. The error is of 4 °C, which is higher
than the observed value in the experiment. This error is
due to the fact that in the model thermal conductivity of
deposits has been taken as constant, whereas it changes
with temperature and in the model the loss of heat to the
surroundings is assumed to be negligible which is very dif-
ficult to achieve in practice. Results of the previous model
also show the same trend but give a constant milk outlet

150
140 — —— Beginning
/ —=—  5min.
130 10 mi
o / min.
o-120 — 15 min.
F —*— 30 min.
110
—— 45 min.
100 —+—60 min.
|
90 T T T T
0.0 0.5 1.0 1.5 2.0 2.5
Length, m

Fig. 5. Variation of temperature along the length of the HTTHE with
time of operation.
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temperature of about 120 °C after 75 min. So the present
model prediction of temperature is comparable with that
of experimental results, more justified and therefore
acceptable.

From the simulated results as shown in Fig. 6, it is found
that the fouling deposits on the outer surface of the inner
tube ¢; increases with time. Right from the beginning, the
occurrence of fouling deposit is found to be more at the
outlet than at the inlet of the heat exchanger; at the same
time an increase in fouling is not uniform along the length
of the heat exchanger but is asymptotic in nature. These
results differ from the previous model’s [8] result where a

1.2
—*—75min.
1.0 —%—60 min.
£ g 45 min.
E_ 08 f 30 min.
% 0.6 1 —*—15 min.
° —— 10 min.
0.4 —— 5min.
0.2 T T T T
0.0 0.5 1.0 1.5 2.0 25

Length, m

Fig. 6. Variation of fouling deposit on the outer surface of inner tube
along the length of the heat exchanger with time.
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c !W 45 min.
§0.8 :j././‘f 30 min.
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—— 5 min.
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Fig. 7. Variation of fouling deposit on the inner surface of middle tube
along the length of the heat exchanger with time.
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Fig. 8. Variation of average fouling deposit with time.

constant fouling thickness was simulated over the whole
length of the tube for about an initial 30 min of simulation
(Figs. 7 and 8). The temperature of the interface (i.e. Tq;
and Tg4,) between the fouling deposit and the bulk fluid is
responsible for the occurrence of fouling. In the early stage
of operation, as T4 and T4, are equivalent to the constant
wall temperature of the heat exchanger, a uniform distribu-
tion of the fouling deposit should have occurred through-
out the length of the heat exchanger. But the bulk fluid
temperature increases as it moves in the tube; an increase
in temperature makes protein and other depositable com-
ponents of milk available in aggregated form and hence
causes more deposition towards the outlet. After some time
(i.e. beyond 30 min), T4, and T4, approach towards the
bulk fluid temperature and because some deposition has
already taken place, the rate of further increase in the foul-
ing thickness decreases and hence less and less deposition
thickness is added afterwards.

Fig. 7 shows the increase of the fouling deposit on the
inner surface of the middle tube J, along the heat exchan-
ger length with time. The nature of the fouling deposit
along the length of the heat exchanger is similar to that
obtained on the outer surface of the inner tube.

Fig. 8 shows the variation of average fouling deposits
for both the outer surface of the inner tube 6; and the inner
surface of the middle tube 6, with time. The trend of aver-
age fouling deposit vs time is asymptotic in nature. The
average constant fouling deposit on the outer surface of
the inner tube and that on the inner surface of the middle
tube are found to be 0.9634 mm and 0.9379 mm, respec-
tively, after 75 min and becomes almost constant thereaf-
ter. The previous model [8] gave a stable fouling
thickness of about 0.65 mm and 0.74 mm on the outer sur-
face of the inner tube and that on the inner surface of the
middle tube, respectively, after 105 min, which is again
under prediction of the average fouling thickness as com-
pared to the experimental value (average fouling thickness:
0.76 mm).

With the progress of time, as the fouling deposit
increases, the flow area available for the process fluid nar-
rows down. The velocity of the process fluid increases,
which leads to an increase in the shear force. So the rate
of deposit becomes the same as the rate of removal after
a certain time due to the fluid shear forces, which means
that fouling stabilizes after 75 min since no appreciable
deposit occurs after that time. In the case of modeled data
of fouling thickness it is on the higher side because in the
actual condition after a certain time the fouling deposition
thickness does not increase but it starts to be more com-
pact, whereas in the case of modeling this factor was not
taken into consideration. Further work in this area may
be required before a definite conclusion can be made on
this point. Here it can be concluded that the fouling thick-
ness simulated is on the higher side and it will be less in the
actual condition, and one of the factor which may affect it
is the rate of change of thermo-physical properties of foul-
ing deposits (i.e. density, thermal conductivity etc.). In this
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Fig. 9. Variation of Biot number on the outer surface on inner tube along
the length of the HTTHE with time.

06
—*—75 min.
0.5 freppe et —=— 60 min.
M 45 min.
o 04 e 30 min.
£ / —*— 15 min.
@ 3] —e— 10 min.
——5 min.
0.2
0.1 , : : :
0.0 05 1.0 1.5 2.0 25

Length, m

Fig. 10. Variation of Biot number on the inner surface of middle tube
along the length of the HTTHE with time.

work the density of fouling deposits is assumed to be con-
stant, whereas the earlier researchers have reported a
change in the density and thermal conductivity with tem-
perature [20-23].

The variation of the Biot number on the outer surface of
the inner tube (i.e. Biy;) and on the inner surface of the
middle tube (i.e. Biy,,) along the length of the heat exchan-
ger with time are shown in Figs. 9 and 10, respectively. The
values of Bi,; are found to be increasing along the length of
the heat exchanger during the early period of operation,
since T4 and Ty, are the same as the constant wall temper-
ature but the bulk fluid temperature increases along the
length of the heat exchanger and so do the fouling thick-
ness and Biot numbers. Beyond 30min T4, and Ty
approach towards the bulk fluid temperature and there is
only a little difference in the fouling deposit at the inlet
and the outlet; hence the Biot number also shows a similar
trend as the fouling deposition thickness. The Biot number
can be called the dimensionless local fouling factor.

7. Conclusion

The paper presents an improved simulation model,
which can be used to predict the fouling thickness and
the milk outlet temperature very close to the experimental

value. These results once again establish that fouling is con-
trolled by temperature and shear stress on the surface of
the heat exchanger. Dimensionless fouling factor in the
form of the Biot number can be used in the modeling
and simulation of milk fouling. Further for accuracy real
time estimation of the heat transfer coefficient is a must
and properties of fluids (steam and milk) and deposit
should be used as temperature dependent parameters as
far as possible. The results are quite encouraging and sug-
gest further scope for technological improvement in the
heat treatment of milk in a helical triple tube heat exchan-
ger. The present work is also useful in the modeling for pre-
dicting the steam temperature or pressure rise required for
controlling the drop in the milk outlet temperature as
affected by fouling in a tubular heat exchanger [10]; there-
fore it can be used for any commercial UHT milk sterilizers
with suitable modifications.
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