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ENHANCEMENT OF HEAT TRANSFERRED RATE
THROUGH HEAT EXCHANGERS DURING
CONCENTRATION PROCESS OF MILK

Said Elshahat Abdallah’ and Wael Mohamed Elmessery?
ABSTRACT

Fouling problems of heat exchangers affect severely the performance of
heat transfer process during the concentration of milk. In this
investigation the strategy of anti-fouling is focused on investigate the
optimal hydrodynamic flow. Two combined techniques, for resulting
oscillating high values of shear stress on heat transfer surfaces, were
applied in the current investigation. The two techniques are dissolved air
flotation for microbubbles generation in the milk stream with pulsed flow
for hydrodynamics conditions modifications. Four different applied air
pressures of 0.1, 0.2, 0.3, and 0.6MPa for controlling the microbubbles
discharge and three modes of pulsation were nominated as uniform
pulsation, gradient pulsation and without pulsation. Plate heat exchanger
used commonly in milk industry for thermal treatments. Commercial pilot
scale of plate heat exchanger was operated at milk flow rate of 0.078
m°h™ and heating level from 42 to 61°C. The results show that the
application of air pressure for microbubbles generation and pulsation
type have a significant effect on fouling layer prevention for more while
105 minutes (the experimented time). For these reasons, the use of the
two integrated techniques can progress thermal process of the plate heat
exchanger. The optimum treatment for fouling deterrence is at applied air
pressure of 0.6MPa and gradient pulsation, frequency with 0.16Hz and
two states of steadily, unsteady of 20 seconds and steady of 10 seconds,
the fouling layer decreases by 76.5%, and the maximum value of the
overall heat transfer coefficient obtained is 9688.4Wm™2K™.
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NOMENCLATURE

Heat transfer surface area, m?

Log mean temperature difference, K
Constants defined by Martin, 1996

Specific heat transfer at constant
pressure, J kg'K™*

Hydraulic diameter of stream
channel, m

Film heat transfer coefficient,
wm?K*!

Mass flow rate, kgs™

Overhaul duty heat, kJ

Thermal fouling resistance, m*KW™*

Corrugation depth, m
Wavelength pitch, m

Dimensionless corrugation parameter

Time of process, s

Overall heat transfer coefficient,
Wm?K*

Velocity of fluid, ms™

Waviness ratio, dimensionless

Heat exchanger effectiveness

The plate area enlargement factor,
dimensionless

Vertical plate length, measured
between the upper and lower port
holes, m

Volumetric flow rate, m%™
Greek letters
Dynamic viscosity, kg s'm™

Thickness of heat transfer plate,
0.55 % 1073m
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Thermal conductivity, WmK™
Fluid density, kgm™

Angular frequency, rad s™

Dimensionless numbers

hd
Nu = Th Nusslet number

Pr = % Prandtl number

d
Re = % Reynolds number

St = Z—T’ Strouhal number
h

DAF
T
J
n
u
T

TC
u(t)

U(0)

Dissolved air flotation
Fluid temperature, K

Plate width between gaskets, m
The number of gaps of one side
Flow velocity, ms™
Characteristic process time, s
Convective time, s

Overall heat transfer coefficient,

at any time of process, Wm?K™*
Overall heat transfer coefficient, at
initial conditions, clean conditions,
Wm?K™*

Superscripts and subscripts

d

end

fo

max

3o

Deposition

Final

Fouled

Maximum
Oscillating
Stationary
Water (service fluid)
Milk (product fluid)
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Contact angle, degree wi water inlet
Chevron corrugation inclination mi milk inlet
angle, degree

Friction factor wo water outlet
Pressure drop, Nm™ mo milk outlet

INTRODUCTION

eat exchangers are generally used for thermal processes of dairy

products. Plate heat exchangers are used in a wide range in food

industry due to many reasons such as a compact design, very
large surface area per a unit volume which can be modified per
requirement by increasing the number of plates and advances in material
technology (Abu-Khader, 2012). Deposition on heat transfer surfaces
causes an extremely problem. With an increase in processing
temperatures, the deposit is formed quickly. The milk deposits are poor
thermal conductors and restrict the fluid flow. Although a lot of
investigations were conducted for fouling problem overcome, but it
remains have some obstacles. To recognize the fouling problem, the
contributing variables to fouling are categorized into four classes related
to 1) Heat exchanger design, such as surface material and surface
roughness (Barish and Goddard, 2013 and Huang and Goddard,
2015). 2) Process variables such as flow velocity and processing
temperature (Bansal and Chen, 2006; Prakash et al., 2015 and Khaldi
et al., 2015), the adhesion of foulant elements on the surfaces may be
reduced at larger flow velocities. The shear forces induced on the surface
can detach the fouling layer, which enhances heat transfer and mixing in
the milk bulk that permits the protein aggregation in the milk rather than
at the surface (Visser et al., 1997). On the other hand at high turbulences
the trap of protein aggregates in the fouling layer can be preferred, so that
the regression dependence between velocity and deposition components is
not always linearly, as in calcium phosphate more deposition occurs at
high flow velocities (Andritsos et al., 2002). 3) Pretreatment variables
such as preheating (Prakash et al., 2015) and 4) Milk variables, such as
air content (Jeurnink, 1995 and Tirumalesh et al., 1997), seasonal
variation and pH (Burton, 1967 and Grandison, 1988). Milk pH has a
significance inverse relationship on the fouling rate (Hyslop and Fox,
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1981 and Skudder et al., 1986). The conflicting has occurred for many
of these variables are dependent each on other, so some dependent
variables are treated as independent variables. Plate heat exchangers have
some limits about high velocities due to pressure drop considerations.
Despite the turbulences are found due to the plates corrugations, fouling
takes place. The major cause of deposition in plate heat exchangers is
stagnation zones around the contact areas of plates, especially behind
these contact points where there is no shear stress effects due to milk
flowing. Moreover, the milk temperature is accumulated at these areas
due to higher shear stress at upstream of the contact areas (Metwally and
Manglik, 2004 and Zettler and Muller-Steinhagen, 2002). Several
techniques were used for fouling solutions and plate heat exchanger
improvements. Magnetic field treatment did not affect calcium phosphate
fouling rates significantly and did not change the crystal forms of
deposits, but it can enhance the membrane separation performance (Zin et
al., 2016). The fouling layer creation has not prevented totally by using
the ultrasound energy, but the ultrasound energy of 1.2x10°kW/(m?.min)
can delay the fouling rate (Lin and Chen, 2007). However, (Hotrum et
al., 2015) investigate ultrasound potential to prevent bio-fouling of milk
inoculated with 10°CFU/m{ thermo-resistant streptococcus (TRS)
Streptococcus thermophilus, the ultrasound of 20kHz and 70W produces
a surface vibration magnitude in the range of 500-1200nm(inertial
cavitation) can serve as a mechanism for bio-fouling prevention on plate
heat exchanger surfaces, whereas, the acoustic effect at micro-streaming
regime (non-inertial cavitation) was showed no significant impact on bio-
fouling development. Microbubbles don't cogitate as an antifouling
mechanism in plate heat exchangers, there is no literatures show the
contribution of microbubbles in this field; Dissolved air flotation (DAF)
has recently used as a pretreatment option for seawater and wastewater
treatment, only a limited number of studies have been undertaken
(Shutova et al., 2016 and Filho et al., 2016). Especially if these bubbles
are under pressure with milk, it will achieve double benefits; one for milk
sterilization under pressure as an efficient alternative to traditional
thermal pasteurization with minimum impact on nutritional and sensorial
properties (Espejo et al., 2014 and Andres et al., 2016); and the other for
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raising the shear stress on heat transfer surfaces of plate heat exchangers.
The fluid velocity increases the shearing actions on deposit-fluid
interface. High shear forces may erode the deposit layer, especially loose
soot particles on heat transfer surfaces, if else the deposition involves
diffusion or mass transfer, at higher velocities the diffusion toward the
heat transfer surface will increase, if the concentration gradient is found.
In cooling systems, where biofouling is taking place, higher velocities
may enhance the nutrients availability at the heat transfer surface
(Qureshi, 2004). The main aim of this study is to enhance the plate heat
exchangers performance in milk concentration by fouling control and
removal, and apprehends the precipitation of microbubbles in milk as a
function of different levels of applied air pressure to hold-on tank of the
milk and the involvement of milk hydrodynamics (pulsed flow), which is
based on the effect of the sudden acceleration of the milk flow and
consequently the fluctuation of the wall shear stress that endorse the
creation of additional vortices around the contact points and therefore to
enhance the process of fouling removal.

MATERIALS AND METHODS

The present investigation was carried out at the Animal Production
Research Station, Sakha village, Kafr Elsheikh Governorate, Egypt during
the summer season of the year 2016. The method used for microbubbles
generation is known as dissolved air flotation (DAF) where air is
dissolved into liquid at elevated pressure 0.4 to 0.5MPa and then
unconfined through the decompression valve that directed to the plate
heat exchanger. The average diameter of microbubbles generated is
between 55 to 75um (Edzwald, 2010 and Shutova et al., 2016).
Experimentation

The experimental setup is consisting of three insulated stirred tanks as
heating water vessel equipped with 1kW immersed electrical heater for
heat energy supply integrated with a solar heating system (T1), milk
product vessel that receives the processed milk (T2) and the hold-on milk
vessel (T3). Plate heat exchanger is operated in countercurrent flow of
milk to water heating sides. The applied plate heat exchanger (EXC) was
connected to a heating unit and to the milk hold-on (saturator) vessel
(T3). EXC is consisted of four plates. Plate material was from stainless
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steel and its dimensions were of 550X130mm with an effective heat
transfer area of 0.094m?. The operating parameters of the used plate heat
exchanger are defined in Table 1. In the middle channel, the one path of
foulant fluid (milk) and in the two outer channels the service fluid (two
paths) was circulated. EXC was insulated (Asbestos), allowing for overall
energy balances on the product as well as on the service side and the
determination of overall heat transfer coefficients through temperature
measurements. The supply unit was provided with heating water which
was controlled automatically and kept at constant temperature using a
solar heater (plate solar heater) and supplemental electrical aquarium
heater. The heating water was pumped by a small centrifugal pump (P2,
centrifugal pump, Askoll Mod. M 231 XP Cod. RC0083, 220-240VAC,
50 Hz, 0.2A, 40W, Flow rate 20{/min) at a constant flow rate that
adjusted by two valves.

Table 1. Operating parameters definitions of the used plate heat
exchanger

Item Magnitude

Milk flow rate, m®h~! 0.078 + 0.009

Fixed milk velocity, v, and Reynolds 0.089ms~1&794, respectively

number, Re

Oscillating milk velocity, v, and Reynolds | 0.23 and 0.38ms~*& 2070 and 3420,
number, Reo respectively

Womersley number, W 16.2

Milk inlet temperature, °C 42+ 2

Initial outlet temperature of milk, °C 61+1

Heating fluid flow rate, m3h~! 1.564+ 0.2

Heating fluid wvelocity and Reynolds 0.87ms~1& 1376, respectively

number, Re

Heating fluid inlet temperature, °C 63+1
Heating fluid outlet temperature, °C 62+1
Volume of whey protein solution, m3 0.2

Belt-driven air compressor (Power 2hp, air displacement 200{/min, air
pressure 115psi=7.93bar) applies four different air pressures of 0.1, 0.2,
0.3 and 0.6MPa on milk surface inside the milk hold-on or the saturator
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vessel, Figure 1. Two regulator valves are connected to the centrifugal
pump outlet and inlet to control the water flow (heating medium) to the
heat exchanger. Solenoid valve was used for milk saturator vessel effluent
control. Three regimes were considered for milk releasing from the
saturator tank with uniform pulsation (interruption time, the interval
between two consequent open or close case of solenoid valve, is 7.5
seconds), gradient pulsation (gate valve open slowly in 20 seconds and its
discharging is overlaying the discharge of solenoid valve) and absolutely
without pulsation or continuous flow. The compressor was adjusted to
maintain the pressure of milk saturator tank kept constant. For hydraulic
fouling measurements, the manometer and mass flow meter were installed
at the heat exchanger outlet, the drop in flow and pressure was used as an
indicator for fouling increment in heat exchanger.
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Figure 1. Experimental setup of the milk concentrator unit, EXC: plate
heat exchanger, v3: solenoid valve with a microcontroller (DT) for
uniform pulsation generation, P: centrifugal pump, T1: water heating
vessel, T2: product vessel, T3: milk hold-on (saturator) vessel, C: air
compressor, M: Manometer, H: aquarium electrical heater of 400W, E:
electrical source connected with thermostat, v1 and v2 are control valves
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for flow regulation, v4: regulator gate valve overlaying with v3 for
gradient pulsation creation, F: water flow meter, SH: plate solar heater
with internal black polyethylene tubes, VE: venting aperture, TC:
thermocouple sensor for temperature measurements at milk and water
inlets and outlets

Mean flow velocity and waviness ratio determination

The pulsed flow controlled by programmed solenoid valve, the overlaid
pulsed flow is recognized by the sum of two parts, mean fixed velocity
and the oscillating velocity, the mean flow velocity for an oscillating
interval is defined as reported by Augustina et al., 2010 and Boxleret al.,
2014:

1 (to
U= —f v(t)dt Egnl
to Jo

Where v(t) = vs + v,(t) = V5 + Uy maxSin(wt)

And the pulsation intensity can be quantified using the waviness ratio,
WR, Equation 2 or using the Womersley number, W as shown by
Equation 3, that is defined as the ration of the pulsating flow frequency to
the viscous effects:

WR = vo,max Eqn 2
v
Where v, 1,45 IS the maximum oscillating velocity
wo\ 9>
e () a

Heat exchanger performance evaluation
Heat transfer performance of the used plate heat exchanger is analyzed by
the following correlations which were cited from Cunault et al., 2013; Li
et al., 2013; Boxler et al., 2014 and Khaldi et al., 2015. Heat losses can
be neglected; meanwhile the plate heat exchanger was insulated. The
overhaul heat can be written as:

Q=Qw = mwcp,w(Twi - Two) = Qm Egqn 4
At the average temperature of each fluid, heat transfer kinetics can be
characterized by:

q= % = U(t) x LMTD(t) Eqn5
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(Twi - Tmi) - (Two - Tmo) Eqn 6
(Twi_Tmi)
ln ((Twi_Tmo))

And the effectiveness of heat exchanger can be calculated by:

¢ = Imo = Tmi Eqn 7

Twi - Two

Overall heat transfer coefficient and thermal fouling resistance
determination
Thermal fouling resistance can be calculated from the overall heat
transfer coefficient at the initial conditions (clean surface) and any further
time of fouling. Film heat transfer coefficients are assumed to be constant
for both sides of milk and water in plate heat exchanger; the thermal
fouling resistance can be given by Equation 8 as reported by Boxler et al.,
2014:

LMTD(t) =

1 1
Re(t) = Wt) - TO) Eqn 8
To determine the influence of dissolved air flotation and pulsation, as
steady state achieved for each experimental run, data can be acquired for
each 5 minutes. Overall heat transfer resistance can be determined by
calculating the resistances of the water and milk convective heat transfer,
the thermal fouling resistances for both sides of plate and the thermal
conduction through the plate, where the heat transfer surface area is
constant, the overall thermal fouling resistance can be described by
Boxler et al., 2014 as:
Rl L, 1.k EQn 9
U hy, h, th

Where, the film heat transfer coefficient of the water stream (h,,) was
constant during the experiment.
Generally h,, and h, can be determined by calculating the Nusselt
number from two different equations. Equations 10 and 11 are conferring
to Martin, 1996.

Nu = hy, o m X D _ pri/3 <l>1/6 C,Re™ Eqgn 10

k Nm

Where d;, is the hydraulic diameter of stream channel, m, with the
constants of C, = 0.195 and m = 0.692 (Martin, 1996).
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Or by
n\/6
Nu = 0.122Pr/3 (—) [ERe? sin(2¢)]°37* Eqn 11

m

n is the viscosity, Pa.s
& is the friction factor, can be described as:
_ 2.Ap.dy, _ 2.Ap.dy’p

¢ p.u?. Ly B n2.Lp. Re?

Egn 12

Ly, is the vertical plate length, measured between the upper and lower port
holes and u is the superficial velocity as:
u= LA Eqn 13
nXxjx?2a
Where; n is the number of gaps of one side, j is the plate width between
gaskets, 23 is the corrugation depth and q is the volumetric flow rate.
The hydraulic diameter can be defined as four times of the fluid volume
divided by the surface area, resulting in:
43

dh = 5
The plate area enlargement factor, ¢ due to plate corrugation that is
defined as the ratio of the developed surface area to the projected area

1 2may?]” 1 2ma\%]""
(I):g 1+ 1+<T> + 4 1+§<T) Eqn15

2ma . . . . .
Where X = % is called the dimensionless corrugation parameter, a is

Eqn 14

the amplitude sinusoidal corrugation, A is the wavelength pitch of the
corrugations.

(Egn 4 in Martin, 1996), and a corrugation depth (24) of 2.45 x 10°m,
Chevron corrugation inclination angle (f) of 65° and corrugation
wavelength (A) of 10.8x10°m

Strouhal number that represents the ratio of characteristic process time
(pulsation amplitude), t, to convective time (time of milk response due to
pulsation effect), 7. = %, (Deen, 1998).
.7

St =
dp

Eqgn 16

Misr J. Ag. Eng., October 2016 - 1524 -



PROCESS ENGINEERING

RESULTS AND DISCUSSION

Milk flow patterns in the plate heat exchanger

The first flow pattern developed is a sinusoidal pressure pulsation profile,
Figure 2A. The pressure drop owe to the plate's corrugation, manifolds
and the internal distributer does not affect significantly the pressure
profile of plate heat exchanger at outlet almost are identical at inlet and
outlet. By the movement of solenoid valve (open and close), the
sinusoidal pressure profile was created, called uniform pulsation.
Automatic gate valve was installed in parallel to the solenoid valve open
gradually until all the milk flow through it to generate gradient pulsation,
as shown in Figure 2B. After the gate valve is opened, the vibration is
damping and gradually dissipating. Figure 3 shows the corresponding
values of waviness to the applied pressure of the air in the saturator tank.
As air pressure increases in the saturator tank from 0.1 to 0.6MPa, the

waviness ratio raises from 2.1+0.57 to 4.3+0.64.
A —Uniform pulsation inlet -—Uniform pulsation outlet
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Figure 2. Pressure profile for (A) uniform and without pulsation flow (B)
gradient pulsation flow of milk at Strouhal number of 0.536 (0.6MPa)
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Waviness ratio
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Figure 3. The effect of applied air pressure in the saturator tank on
waviness ratio (A) and its corresponding values of Strouhal number (B)
under uniform pulsation condition

Heat exchanger performance evaluation

Overall heat transfer coefficient versus process time

The plate heat exchanger performance was evaluated for all treatments,
Figures 4 and 5. Log mean temperature difference, effectiveness and
overall heat transfer coefficient were used as performance indicators.
Data was collected for 105 minutes of exchanger running for steady state
settlement. Figure 4 illustrates that, at the treatment of applied air
pressure of 0.1MPa and without pulsation effect, the value obtained of log
mean temperature difference is 6.8+1.0K, effectiveness of 24.755+3.880
and overall heat transfer coefficient was of 2423.45+627.99Wm2K™.
Overall heat transfer coefficient at different waviness ratios

Overall heat transfer coefficient rises from 4142+482.97 to
7804.40+816.02Wm™K™ as waviness ratio increases from 2.1 to 4.3 and
increases from 7978.8 to 9688.4Wm™ K™ as waviness ratio increases from
2.2 to 4.2 for uniform and gradient pulsation, respectively, Figure 5. It
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can be noticed that the gradient pulsation improves the overall heat
transfer coefficient compared to the without pulsation and uniform
pulsation flow conditions. Several investigations on heat transfer of an
oscillated flow in flat channels or pipes/ducts concluded that the flow
pulsation intensified heat and mass transfer (Mackley et al., 1990; Ni et
al., 2003 and Chang and Shiau, 2005).
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Figure 4. Heat exchanger performance at applied air pressure of
0.1MPaand without pulsation treatment, the trend line is used only to
show the mean value

The increase of heat transfer has been due to eddies and vortices
formation that diminish the creation of the laminar boundary layer and
reduce this layer thickness behind baffles and the recirculation flow on
the downstream side of the baffles aids to the fluid behind the baffle is
transported back into the bulk (Chen and Chen, 1998).

In other words, the changes of the boundary layer and the flow circulation
enhancement in stagnation zones in the plate heat exchanger, in which
both temperature and concentration profiles change is created, will affect
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the deposition rate. It was found more materials were deposited at outlet
regions where the wall temperature is close to the temperature of heating
medium. By the observation, the formation of deposits differed over the
plates of the heat exchanger and consequently the deposition shrinkages
with flow pulsation application. The thermal fouling resistance is not
observed at the flow distribution region for the effect of the oscillation
flow in this area. Due to the high temperature difference at inlet about
21K, this difference is highly sufficient for thin fouling layer formation.
Also this layer was noticed under different patterns of pulsed flow and is
translated into thermal fouling resistance.
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Figure 5. Overall heat transfer coefficient under uniform and gradient
pulsation conditions for different waviness ratios

Thermal fouling resistance

The influence of different flow pulsation patterns and applied air pressure
in the saturator tank (waviness ratio) on thermal fouling resistance, the
fouling curves are shown in Figure 6. It was observed that the thermal
fouling resistance, at without pulsation conditions (fixed flow), raises
over time to be3.93x107°3.97x 1075 4.48x 107> and3.72 x
10~°>m2KW~™1! for applied air pressures of 0.1, 0.2, 0.3 and 0.6MPa,
respectively. For lower pulsation amplitude at air pressure of 0.1MPa,
Figure 6A, and at the uniform pulsation mode, the deposit started
growing in lower rate than the gradient pulsation mode that increased
rapidly to a value close to the value of without pulsation mode, while the
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thermal fouling resistance in the uniform pulsation mode reached less
than the half value of 1.77 x 10~>m?KW 1. Thermal fouling resistance
fluctuations in the uniform pulsation mode are due to the oscillating shear
stress that removes periodically the deposits attached the plates. These
results are similar to that obtained by Boxler et al., 2014.
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Figure 6. Thermal fouling resistance for different pulsating conditions, at

different applied air pressures of 0.1MPa (A), 0.2MPa (B), 0.3MPa (C)
and 0.6MPa (D)

Further experiments were done on thermal fouling resistance for
optimization under 0.2, 0.3 and 0.6MPa as shown in Figure 6B, 6C and
6D. The results were altered from that obtained at lower applied pressure
(0.1MPa). In contrary the thermal fouling resistance of gradient pulsation
mode is lower than that of the uniform pulsation. It is observed that the
gradient pulsation is beginning to be lower than the thermal fouling
resistance of without pulsation mode. As applied air pressure increases to
0.6MPa, the thermal fouling resistance has a significant irreversible
increase for the uniform pulsation due to milk with high air content has
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lower density that helps for fouling prevention and encourages heat
transfer by microbubbles. Microbubbles generate a lot of turbulences and
vortices inside corrugated heat transfer surface of plate heat exchanger.
Besides, the contact areas have the advantage of microbubbles that can
turn around these points and clean all deposits using the hydrodynamics
of collisions and implosions (inertial cavitation) of microbubbles, these
results are similar to those obtained by Gondrexon et al., 2015 which use
the ultrasonic to remove calcium carbonate fouling layer in double tube
heat exchangers, but they cannot determine the main responsible for this
removal; is by the cavitation bubbles implosion (inertial cavitation) near
to heat transfer surface or by the intense acoustic micro-streaming (non-
inertial cavitation)? In this investigation, it is obviously that the bubbles
implosion has a direct effect on fouling removal that increases with the
raising of applied air pressure. The most important observation at the
applied air pressure of 0.6MPa is that the thermal fouling resistance of
gradient pulsation reach a constant value and almost not to change. But
the uniform pulsation nearly starts to increase after 60 minutes. The final
thermal fouling resistance magnitudes achieved for both gradient and
uniform pulsation were 0f 0.72 x 10~°and 1.25 x 10> m?KW !,
respectively.
CONCLUSIONS

The fouling experiments were done to investigate the effect of different
modes of discharging flow of the milk, which is hold under different
pressurized air, from the milk saturator tank on milk fouling of plate heat
exchanger used for milk consolidation process. The three different modes
of milk flow to the plate heat exchanger are uniform pulsed flow, gradient
pulsed flow and without pulsation. Four different levels of applied air
pressures of 0.1, 0.2, 0.3 and 0.6Mpa were considered. Waviness levels
were formed by the aids of the different applied air pressures, the
waviness ratio raises from 2.10+0.57 to 4.30+0.64 as applied air pressures
increases from 0.1MPa to 0.6MPa. The different levels of air pressures
generate four corresponds values of milk flow waviness. Pulsed flow
supported with pressurized air technique was effective in reducing fouling
and showed a reliable application in plate heat exchangers in milk
industries. Heat transfer progress was also achieved under flow pulsation
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due to the increase in wall shear stress around the contact places changing
the hydrodynamic conditions of fouling zones. The maximum value of
heat transfer coefficient is 7804.4 and 9688.4Wm™2K™ that has been
achieved at waviness ratio of 3.9 for both uniform and gradient pulsation,
respectively. The lowest value of thermal fouling resistance was achieved
at Strouhal Number of 0.536. With the increasing in pulsation amplitude
or the waviness or the Strouhal number, by increasing applied air pressure
to the milk saturator tank, the thermal fouling resistance decreases by
49.03% and 76.5% for uniform and gradient pulsation, respectively at
Strouhal Number of 0.536.
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