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ABSTRACT

In paint industries, synthesis of alkyd resins and aqueous emulsions consumes high energy levels required for
occurrence of endothermic chemical reactions. In attempt to reduce energy consumption, the present work investigated
energy integration of the heating cycles of aqueous-emulsion and alkyd-resin production lines that operate independently.
The energy-integrated system between these two processes was built by removing the less efficient boiler of the aqueous-
emulsion process and using the more efficient boiler of the alkyd resin for both processes. A shell-and-tube heat exchanger
was applied to integrate both heating cycles. In order to maintain the production levels of the integrated processes, design
calculations showed that the required surface area, based on the pipes outside diameter of the heat exchanger, must not be
less than 22 m?. Furthermore, results indicated the positive role of the heat-integrated cycle in energy saving of around 12%.
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INTRODUCTION

Nowadays where energy prices are increasing rap-
idly, due to population growth as well as improvement of
living standards, energy conservation projects have be-
come more important than ever [1-5]. In particular, paint
industries are energy intensive processes whereas the in-
cidence of energy cost is about 20% of the total produc-
tion cost [6, 7]. Therefore, the recovery of relatively small
quantities of heat can accumulate to become sizeable
energy savings [1]. The highly energy consuming nature
of such industrial processes is the key driving force for
improving its profitability and reducing the overall cost
of manufacturing [7, 8]. Hence, any attempt for energy
conservation in the process goes a long way in many
aspects. Chemical reactions involved in the synthesis of
alkyd resin and emulsions are endothermic and thus
they need a continuous heat supply [8-12]. In this re-
gard, process system engineering plays an important role
in the energy-saving task [1, 4].

The objective of the present study was to mini-
mize the energy consumption associated with the pro-

duction of alkyd resin and aqueous emulsion. As a
case study, energy integration concept was applied on
the alkyd-resin and aqueous-emulsion production lines
of a Jordanian paints factory which is known as High
Quality Company. In this company, the two processes
operate independently without any heat recovery net-
work. Each production line uses a boiler to generate
the utility streams required for accomplishing the en-
dothermic chemical reactions. Fig. 1 shows the alkyd-
resin process which uses one boiler to generate the util-
ity stream of hot thermal oil which in turn enters the
jackets of two reactors. This is to maintain the reactors
operating temperature in the range of 200-240°C. On
the other hand, Fig. 2 illustrates the aqueous-emulsion
process in which a second boiler is used to generate a
utility stream of hot water to feed the jacket of the emul-
sifier. This is to maintain its operating temperature in
the range of 90-95°C. Metal coils are immersed inside
these reactors for cooling purposes of the products,
whereas liquid water comes from the cooling tower is
used as a cooling medium. The processing time is about
20 and 10 hours for completion of one batch of alkyd-
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Fig.1. Schematic diagram of the heating cycle for alkyd-
resin process.
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Fig. 2. Schematic diagram of the heating cyclefor aqueous-
emulsion process.

resin and aqueous-emulsion product, respectively. The
batch is equivalent to 15 and 5 tons for alkyd resin and
aqueous emulsion, respectively.

METHODOLOGY

Fig. 3 presents the heat-integrated cycles of the
alkyd-resin and aqueous-emulsion processes. As shown
in the figure the boiler of the aqueous-emulsion process
was removed and a shell-and-tube heat exchanger was
introduced. The energy integrated system was conducted
according to the following stages. First, the operating
conditions of the independent production lines shown
in Figs. 1 and 2 were monitored. Second, the heat
required for the aqueous-emulsion process was evaluated
in order to know the heat load on the heat exchanger,
thereby, the additional heat load on the boiler of alkyd-
resin process. Third, efficiencies of boilers were assessed.
Fourth, fluid flow rates and heat-transfer calculations
were incorporated in the detailed design stage of the
heat exchanger. Finally, energy consumption levels of
both non-integrated and integrated processes were
evaluated and compared to see the benefit of the adopted
energy integration system.
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Fig. 3. Schematic diagram of the heat-integrated cycle for alkyd-resin and aqueous-emulsion processes.
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RESULTSAND DISCUSSION

In the non-integrated process shown in Fig. 2,
water which comes from the jacket of emulsifier will
enter the boiler at a temperature of around T, = 90°C
and it is heated to reach a temperature of around T, =
95°C. It was monitored that the heated water flows at a
volumetric rate of \/ = 51.4 m*h™' which is equivalent
to a mass flow rate = 13.76 kg s! since water average
density is about p_ = 963.7 kg m>. The rate of heat
transferred from boiler to water can be calculated from
the following sensible heat equation:

Q:me(TZ_Tl) 1

where C is the mean heat capacity of water which is
estimated at the average temperature of around T =
92.5 °C to have a value of around C,= 4203 J kg'°C").
Substituting all known quantities into Eq. (1) gives a
heat rate of around QW= 289 kW. Furthermore, the
efficiency of the aqueous-emulsion boiler can be calcu-
lated using:

Q

vavremy

2
where Q is the rate of heat transferred from boiler to
the operating fluid (water) passes through the heating
cycle, V\/ is the volumetric rate of diesel consumed,
and GHYV is the gross heating value of the fuel intro-
duced to the boiler. The two boilers considered in this
work use a diesel as fuel. The gross heating value of
diesel is GHV= 38.6 MJ L. It was recorded that the
aqueous-emulsion boiler consumes around 1320 litres
of diesel per day, i.e., \/ =1.53x102L ™. Now, apply-
ing Eq. (2) gives a boiler efficiency of about n= 0.49.
On the other hand, the boiler of alkyd-resin pro-
cess, shown in Fig. 1, consumes around 2617 litres of
diesel per day, i.e, V =3.03X102L s, to heat thermal
oil from T, = 220°C to T,= 240°C. At the average tem-
perature of T, = 230°C, the corresponding physical prop-
erties of thermal oil are approximately as follows: the oil
heat capacity is C_= 2769 J kg'°C'! and the oil density
is p, = 770 kg m~.The thermal oil enters the jacket of the
5 tons and 10 tons alkyd-resin reactors with a volumetric
flow rate of 32 and 45 m? h'!, respectively. Hence, the oil
enters the alkyd-resin boiler with an overall flow rate of

77 m*h! which is equivalent to mass flow rate of M, =
16.47 kg s'. The rate of heat transferred from alkyd-
resin boiler to the thermal oil can be estimated using
Eq. (1) to have a value of Qo = 912 kW. By using Eq.
(2), the corresponding alkyd-resin boiler efficiency is
n= 0.78. Since the boiler efficiency of alkyd resin is
larger than the corresponding one of the aqueous-emul-
sion process, the integrated-heat cycle was built by re-
moving the aqueous-emulsion boiler so that the heat
duty of 289 kW will be added to the alkyd-resin boiler.
This results in an overall heat rate of 1201 kW. While,
the non-integrated processes consume 3937 litres of
diesel per day, it can be demonstrated using Eq. (2) that
the amount of diesel consumed in the integrated pro-
cess is 3446 litres per day. Therefore, a diesel saving of
around 12 % was achieved in the integrated energy sys-
tem. Note that these processes operate 300 day per year.
Hence, the amount of diesel consumed in the non-inte-
grated processes is 1181 m? per year and it is 1034 m3
per year for the integrated one. This leads to an annual
diesel saving of around 147 m? (Fig. 4).

Design computations of the heat exchanger

In the integrated process, the heat required for
emulsifier reactions is supplied via a stream of water
which leaves the shell side of the heat exchanger and
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Fig. 4. Comparison between non-integrated and integrated
processes of the Jordanian paint company (High Quality
Company; Amman). Note that 1year = 300 operating days.
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enters the jacket of the emulsifier at temperature of
T,=95°C (Figs. 3 and 5). This stream leaves the jacket
at temperature T,=90°C. Then, it is preheated in the
heat exchanger via a stream of thermal oil, coming from
the heating cycle at temperature of Tp1=230°C, to feed
the pipes of the heat exchanger. This oil stream leaves
the heat exchanger at temperature of about T ,=225C
and it is re-circulated to the oil boiler. In order to en-
hance the performance of heat exchanger, the shell-side
stream is chosen to be in a counter current flow with
the pipes-side stream [13].

The basic design equation used to estimate the
heat-transfer surface area, A, based on the outside
diameter of the tubes, d , is [14]:

Q=U_AAT, (3)

where AT is the mean temperature difference defined
as [14]:

ATm = Tm, p _Tm,s 4)

where T,, is the mean temperature in the pipe-side
which is equal to T, = 227.5°C and T, is the mean
temperature in the shell-side which is equal to T, =
92.5°C. This leads to a mean temperature difference of
AT =135 °C. The overall heat-transfer coefficient, U,
is based also on outside pipe diameter. It can be ob-
tained from the following equation [9]:

1 1 1 1 1 In(d,/d,)
= + + ++ + (5)
UOA) hpA hsAb hdoA) hdlA Zﬂksteeil‘

where h is the forced-convection heat-transfer
coefficient in the pipes-side, h_is the forced-convection
heat-transfer coefficient in the shell side, A. is the total
heat-transfer area based on the total inside diameter of
the pipe, d , Lis the pipe length, A is the fouling(dirty)
coefficient for water, h_ is the fouling(dirty) coefficient
for thermal oil, and k__, is the thermal conductivity of
the carbon steel selected to be the material of construction
of both shell and pipes (k=43 W m™" °C").

The thermal oil enters the pipes of the exchanger at
temperature T | = 230°C and leaves at temperature,
T ,=225°C. Physical properties of the thermal oil at the
average temperature, T, = 227.5°C, are : oil density is
p,=768.60 kg m?, oil heat capaty is C  =2780 J kg °C",
oil viscosity is pu =6.94x10* kg m™" s , and oil thermal
conductivity is k =0.124 W m™ °C"'. The mass flow rate
of the oil, calculated using the sensible heat equation, is
M, = 20.78 kg s and the corresponding volumetric flow
rate is \/ = 2.70x102 m> s Table 1 presents the dimen-
sions of steel pipes and shell used to design the heat ex-
changer. For one-pass of tubes with a square pitch of 0.0254
m, the number of tubes in this exchanger is n = 137 [14].
The average velocity of the oil in each pipe is:

N _1.6083nis? ©)
nmd?

Up=

Table 1. Dimensions of steel pipes and shell used to design

the heat exchanger.

Side Nominal size Inside diameter | Outside diameter
(in) (m) (m)
Schedule 40 3/8 d;=0.0125 d,=0.0171
steel pipe
Schedule 40 16 D;=0.381 D, = 0.406
steel shell
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The pipe-side Reynolds number, Re _is:

pou di
Re, =" =22265 ™

Mo

and the Prandt]l number of oil is:
C. u
_ po (o] —
Pr, =™ _1556 ®

Since the flow in pipes is turbulent (Rep>10000),
the following relation can be used to determine the heat-
transfer coefficient, hp, [13]:

Nu = @ =0.027Re"® Pr4

K ©9)
where Nu is the average Nusselt number. Hence, the
forced-convection heat-transfer coefficient in the pipes
ish, =2414.23 W m™? °C™.

On the other hand, water enters the shell of the
exchanger at temperature T, = 95°C and leaves at tem-
perature, T, = 90°C. At this average temperature, the
physical properties of liquid water were approximated at
the average temperature, T, = 92.5°C [13]. Water den-
sity is p, = 963.7 kg m”, water heat capacity is C,,= 4203
Jkg' °C", water viscosity u _=3.09x10* kg m" s”, water
thermal conuctivity is k =0.677 W m™ °C"'. The mass flow
rate of water in the shell side is M, = 13.76 kg s and its
volumetric flow rate is of V =51.4 m® h'. The cross-
sectional area available for this flow is:

A :%(Diz—ndoz): 0.08254m? (10)
and the average velocity in shell side is:
U, :XS: 0.1728 ms* (11)

Since water flows in the region enclosed between
outside-surface of the pipes and the inside surface of
the shell, equivalent diameter must be calculated to be
used in estimation the she-side heat-transfer coefficient,
h as [13]:

NN

a =\ (12)
where Wis the wetted perimeter defined as:
W=77.'(Di +I’1d0 )= 8.5568m (13)

This gives an equivalent diameter of
D, = 0.0386m. Then, the shell-side Reynolds number,
Re_ is found as:

u,D
PullsPe =20792 (14)

Hy

and Prandtl Number of water is about Pr,, =1.92. Eq.
(9) is now used to give a shell-side heat-transfer
coefficient of about h, =1750.76W m? °C™.

The total outside surface area of the pipes is
A, =md,L=7.36m?and the inside area
is A = 7nd, L = 5.38m?. Note that these areas are cal-
culated by setting L = 1 m, which will be corrected to

Re, =

S

the actual one in order to obtain the required heat load.

The fouling coefficients for both water and oil
are of about 5000 W m2 °C"' [14]. Substitution of the
above values into Eq. (5) gives an overall heat-transfer
coefficient of aboutU, =98.53 W m? °C™ and the
corresponding heat rate is Q=U, AAT, =97.90kW. In
order to achieve the required heat load, the one-meter
length of the pipes must adjusted to be
L =289/97.90=2.95m=3m. Therefore, the actual
total outside surface arca of the pipes is
A, =3x7.36=221m> and the inside area
is A =5.38x3=16.1 m?. Table 2 summarizes the speci-
fications of the exchanger and its corresponding operat-
ing conditions.

Pressure-drop and energy losses due to friction
in the heat exchanger

The energy loss due to friction, E, and pressure
drop, — Ap, across the pipes or the shell of the heat exchanger
can be estimated using the Fanning equation [14]:

-

L
=2f —u®

5 (15)
where fis the Fanning friction factor. For flow with
Reynolds number Re > 4000, it can be estimated using
the Colebrook equation [14]:

1 [ € 1.256:|
—=—log| ——+ (16)

Jr 37D Re/f

where g is the roughness of the pipe, for carbon steel it
is around € =0.046 mM. The corresponding head loss
is hL =E, /g, where g is the gravitational accelera-
tion. The power done by pump on the operating fluid is
given by POWer =ME; Under the operating conditions
and the geometrical specifications of the heat exchanger
given in the previous section, the numerical solution of
Eq. (16) and the above definitions will give the results
presented in Table 3. It must be taken into consider-
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Table 2. Summary of the operating conditions and the
configurations of the designed heat exchanger.

Tube side
Operating fluid Thermal oil
Inlet temperature 230 °C
Outlet Temperature 225°C
Volumetric flow rate 97 m’ hr’

Tubes layout Square pitch of 0.0254 m
Number of Tubes; n 137

Outside surface area; A, 22.1m’
Inside surface area; A; 16.1 m*
Length of tubes, L 3m
Shell side
Operating fluid Water
Inlet temperature 90 °C
Outlet temperature 95°C
Volumetric flow rate 45 m’ hr'!
Shell inside diameter 0.381 m

Material of construction

Carbon steel

Table 3. Energy losses due to friction in the pipe—side
and shell-side of the heat exchanger.

Parameter Pipe-side | Shdl-side
Fanning friction factor, f 0.008 0.007
Specific energy loss, E; inJkg™ 1360.77 0.0325
Pressuredrop, -AP in atm 13 0.0003
Head loss, hy, inm 138.71 0.0033
Power done by pump on fluid in hp 379 0.001

ation that the diameter used in the shell-side calcula-
tions is the equivalent one and the heat exchanger con-
tains 137 pipes. It is found that pumps 4 and 5 of the
non-integrated aqueous-emulsion process shown in Fig.
2 are able to overcome these additional energy losses.

CONCLUSIONS

To achieve a more efficient process with low
energy consumption and operating cost, a systematic
design tool is required in the process industries. The
current work studied the synthesis strategy for
minimizing energy consumption through the integration
of alkyd-resin and aqueous-emulsion processes.
Although the same heat load on the water boiler for
aqueous-emulsion process is applied on the oil boiler in
the integration process, the total amount of diesel is re-
duced by about 12 %; without reducing the production

36

levels. From process design point of view, the use of one
boiler instead of two boilers, to perform the same heat
duty, reduces both the operating and maintenance costs.
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