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Abstract

This research evaluates the thermal performance of an industrial heat exchanger for process in
the offshore industry. Steady state monitoring and performance data were collected from 3-E-401
heat exchanger in an offshore environment. Design and off-design evaluation was carried out us-
ing capacity ratio, effectiveness, Log Mean Temperature Difference (LMTD), heat duty, and overall
heat transfer coefficient as performance indicators. Three scenarios were presented and Hysys®
V8.7 software was used to model the process. The results showed that the best thermal perform-
ance of the heat exchanger in terms of capacity ratio, effectiveness, heat duty, LMTD, and overall
heat transfer coefficient is 94%, 85.5%, 88%, 88.7% and 71% respectively, of the design values.
This best performance was reached at 9.9% fouling and heat loss reduction in the heat exchange
process. An increase in fouling and heat loss gradually reduced the thermal performance of the
heat exchanger. Therefore a proactive maintenance action and condition monitoring in every
eight weeks is required to sustain and improve the performance as evaluated.
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1. Introduction

A heat exchanger transfers the energy from a hot fluid to a cold fluid; with maximum rate and minimum invest-
ment and running cost [1]. It is a device in which energy is transferred from one fluid to another across a solid
surface. It is applied where high temperature and pressure demands are significant and can be employed for a
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process requiring large quantities of fluid to be heated or cooled. Due to the design of the shell and tube heat
exchanger, it offers a large heat transfer area and provides high heat transfer efficiency in comparison with oth-
ers [2]. Most materials are exposed to adverse environmental condition while in service. This results in the dete-
rioration of the surface, mechanical properties, physical properties, and appearance of the materials [3]. Deteri-
oration processes for metals and alloys are called corrosion. Their deterioration occurs at elevated temperature.
When a material is under stress, cracks are formed. These cracks propagate through the material as the stress is
increased and the material fails by breaking into two or more parts. Condition monitoring performance evalua-
tion is then the process of monitoring operating parameters in equipment such that any significant change is an
indication of a developed failure [4]. It is typically more cost effective than allowing the equipment to fail. Ac-
cording to [1], the temperature of each fluid changes as it passes through the exchangers, and hence the temper-
ature of the dividing wall between the fluid also changes along the length of the exchanger in which a liquid or
gas is required to be either cooled or heated.

The most important heat exchanger type is the recuperator in which the flowing fluids exchanging heat are on
either side of a dividing wall [1]. The second type is a regenerator in which the hot and cold fluids pass alterna-
tively through a space containing a matrix of material that provides alternative means for heat flow. The third
type is the evaporative type in which a liquid is cooled evaporatively and continuously in the same space as the
coolant. It was evident in [5] that in a direct compact or open heat exchanger, the exchange of heat takes place
by direct mixing of hot and cold fluids and transfer of heat and mass takes place simultaneously. The use of such
units is done under conditions where mixing of two fluids is either harmless or desirable such as cooling towers,
jet condensers and direct contact feed heater. In the indirect contact, heat is transfered between two fluids by
transmission through walls which separates the two fluids. In parallel flow heat exchanger, the two fluid streams
(hot and cold) travel in the same direction. While in counter flow, the two fluids flow in opposite direction. This
flow pattern gives maximum rate of heat transfer for a given surface area, although fouling is a limiting factor in
this case. Hence such heat exchangers are most favoured for heating and cooling of fluid [5].

In the work of [6], it was reported that due to fouling the overall heat transfer coefficient of three co-current
heat exchanger in a polyethylene plant show 51.60%, 80.71% and 57.73% less than the design value respective-
ly. An experimental determination of fouling factor on plate heat exchangers was presented in [7]. The work
describes the influence of water velocity on fouling factor in plate heat exchanger for four district heating subs-
tation. It was observed that the heat duty reduced greatly due to fouling. Also [8] used augmentation techniques
to enhance the heat transfer in the annulus of the heat exchanger design systems. These techniques greatly im-
proved the performance of the heat exchanger. Heat transfer enhancements devices are commonly employed to
improve the performance of an existing heat exchanger or to reduce the size and cost of a proposed heat ex-
changer.

This paper presents a design and off-design thermal performance evaluation based on steady state monitoring
and process simulation. The data are used to evaluate the state of performance based on key performance indi-
cators and to predict the best performance index from the three scenarios. The comparative analysis was also
taken into consideration. This enables a maintenance predicted period to sustain the thermal performance of the
system in order to eliminate fouling and heat losses.

1.1. Performance Mitigating Factors

a. Fouling or Scaling

Fouling occurs when a fluid goes through the heat exchanger and the impurities in the fluid precipitate onto
the surface of the tubes [5]. The precipitation of these impurities is caused by frequent use of the heat exchanger,
velocity reduction of fluids flow through the heat exchanger and over-sizing the heat exchanger. The effects of
fouling are evident more in the cold tubes of the exchanger that in the hot tubes. This is because impurities are
less likely to dissolve in a cold fluid, since for most substances solubility increases as temperature increase. Al-
though hard wall is an exception, the reverse is the case. Fouling also reduces the cross sectional area for heat to
be transferred and causes an increase in the resistance to heat transfer across the heat exchanger. The thermal
conductivity is lowered by fouling. If the overall heat transfers coefficient and efficiency of the heat transfer is
reduced, there will be an increase in pumping and maintenance costs.

Choking of tubes

Gas flow or fluid flow can be choked at exit of the tube. This may occur at the transient condition where the
high pressure bubble of gas or fluid vortex is generated with a maximum momentum which forced the liquid
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from the low pressure (LP) side. This process occurs at maximum pressure in the LP side of the heat exchanger
and is characterized by a pseudo-steady-state process that depends on the flow resistance.

b. Low tube velocity

For most fluids in most applications, a lower tube velocity means a lower inside heat transfer coefficient,
therefore the heat transfer is less effective, so thermal designers will maintain performance by keeping the ve-
locity as high as the tube material and pressure drop is not compromised. Other performance mitigating factors
are excessive transfer rates, lack of effective control system, unequal heating.

1.2. Heat Exchanger Condition Monitoring

The growing technical complexity of engineering system such as heat system, together with the intense public
need over high safety and performance of such systems. It is therefore necessary to enhance an effective, safety
and workable heat exchange system that will meet the need of the industry. One pervasive cost that drags down
productivity and performance is the unplanned equipment and manufacturing process downtime [9]. When fail-
ure has already commenced, condition monitoring system can only measure the deterioration of the condition.
Proper maintenance and operating practices can significantly affect the level of performance degradation and
thus time between repairs or overhaul of the heat exchanger. Proactive condition monitoring will allow the heat
exchanger operator to make intelligent service decision based on the actual condition of the heat exchanger ra-
ther than on a fixed and calendar based maintenance interval. This type of condition monitoring will further re-
duce the heat exchanger degradation and deterioration. It is typically more cost effective than allowing the
equipment to fail [4]. Serviceable machinery includes rotating equipment and stationary plant such as boilers
and heat exchangers.

The use of condition monitoring allows maintenance or other action to be taken to avoid the consequence of
failure, before the failure occurs. Predictive maintenance does not only or necessarily predict failure, it also
helps to predict the time of failure. Once machinery such as a heat exchanger is put to use, degradation and dete-
rioration start. However, it is typically much more cost effective to measure the deterioration than allowing the
machinery to fail [10]. The aim of this is to generate some proactive models to enhance the performance evalua-
tion of a shell and tube heat exchanger. The method of monitoring used for heat exchangers is performance trend
monitoring. Elementary trends are demonstrated by such simple methods as relating the pressure drop and
through-flow in a heat exchanger. The buildup of deposits in the flow lines will be revealed by increase in pres-
sure-drop needed to maintain a certain rate or through-put. It was explained, that temperature difference on both
inlet and outlet of both hot and cold section can indicate the thickening of films and reduction in heat transfer
coefficients. It was further added that the presence of continuous monitoring does not eliminate the need for pe-
riodic monitoring. Continuous monitoring systems warn the operator about imminent problems. The continuous
monitoring is thus required for heat exchangers, and adopted in this research.

Integrity inspection of plates and tubular heat-exchanger can be tested in-situ by the conductivity of helium
gas method. These methods confirm the integrity of the plates or tubes to prevent any cross contamination and
the condition of the gaskets. Condition monitoring of heat exchanger tubes may be conducted through Non de-
structive methods such as eddy current testing [5].

1.3. Measures for Increasing Heat Exchanger Performance

It is evident in [11], that increasing heat exchanger performance usually means transforming more heat duty or
operating the exchanger at a closer temperature approach. This can be accomplished without a dramatic increase
in surface area. Sometimes increasing heat exchanger performance may not result from increases in through put
or higher duties. These issues may arise simply because the exchanger is not working correctly at the present
capacity [12]. He stated that the pertinent information is to diagnose the problems and possible solutions for
shell and tube heat exchanger that are not working.

Several researchers include the performance optimization of heat exchangers subject to fouling by the use of
high pressure water jetting and chemical cleaning technique [13]. Exergy analyses have also been used for per-
formance evaluation of heat exchanger in which effectiveness and exergy were compared [14]. Numerical anal-
ysis of plate heat exchanger has also been applied to evaluate the performance in a co-current fluid flow confi-
guration heat exchanger. Ref. [15] carried out the performance improvement in a concentric circular heat ex-
changer with external recycle under uniform wall fluxes. The study reveals a considerable improvement of heat
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transfer efficiency obtainable by inserting an impermeable tube into a laminar counter flow concentric circular
heat exchanger with external recycle under uniform wall fluxes.

The performance optimization of the heat exchanger through condition monitoring takes the following into
consideration:
* Determine whether the exchanger is operating correctly;
» Estimate how much pressure drop is available;
» Utilization of enhancers or intensifier such as firing, tube inserts, modified tubes or modified baffle.

2. Materials and Methods
Theoretical Performance Formulation

Numerical based tool and condition monitoring technique were applied for the analysis of heat exchanger in
three different scenarios. Performance analysis is often closely related to energy efficiency, and therefore has
long been applied for accuracy measures and studies on deterioration. With performance analysis, it is possible
to calculate the optimum time for overhaul to sustain and restore regarded performance. The Modelling is a re-
presentation of physical or chemical process by a set of mathematical relationships that adequately describe the
significant process behavior. Improving or understanding chemical process operation is a major objective for
developing a process model. This formulation are often used for process design, safety system analyse, process
control and monitoring. In predicting the performance of a heat exchanger (Figure 1), the energy formulation is
adopted.
For Heat loss by the Hot Fluid

Q= thph (thl _thz) ()
For Heat gain by the Cold Fluid
Qc = mcCpc (tcl _tcz) (2)
For total heat Transfer Rate
Q=UAL, 3)
For the Log Mean Temperature Difference (LMTD)
LMTD = AT, - AT, (4)
AT,
In| —t
AT,

For fluids separated by a plane wall:

thl

h2

t
f UAAt, ;
t, < > L,
Hot fluid Cold fluid

Distance along heat exchanger

Figure 1. Block diagram of a heat exchanger.
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Overall Heat Transfer Coefficient

U=t (5a)

For fluids flowing inside and outside a tube:
Overall Heat Transfer Coefficient

U= (5b)

For effect of scale on heat flow:
The thermal resistance to scale formation on the inside surface (Overall Heat Transfer Coefficient (R, ) and
outside surface (R, ) are given by

1 1
Ry =
¥ Ah,

Rsi T Al
A hsi

= reciprocal of scale heat transfer coefficient

S

The fouling factor R; :hi; h

S

1 1 1
R =—=—" 6
Y 0 (6)

S dirty

clean

For the Thermal Resistance /Overall heat transfer coefficient due to scale formation

t —t
Q — | 0 7
1 1 1 I 1 1 )
——+—+ Inf - |+—+—
Aihi Ahsi 2T[Lk ro Ajhso A\)ho
For Heat Exchanger Effectiveness
oo Actual heat transfer . Q ®
Maximum possible heat transfer  Q,,,
Q = gcmin (thl _tcl)
For Number of Transfer units (NTU)
NTU = DA 9)

min

For negligible fluids viscosities and pressure loss coefficient

AP, = 4f (LJ {h—ZJ (10)
d; )L 29p

The results for the heat exchanger were obtained by evaluating the various inlets and outlets temperatures, pres-
sure and flow rate. Table 1 shows the design parameters, while Tables 2-4 show the average summary of the
results of the simulation at design point and off-design points respectively. Tables 5-7 show the percentage per-
formance of the various indicators with respect to the design values.

The results from Tables 2-4 showed a progressive increase in the LMTD performance in the off-design anal-
ysis under the various considerations. The deduction in fouling effects shows an increasing trend in the off-
design analysis. The fouling factor is dependent on the cross sectional area and the heat transfer rate across the
elements of the exchanger. Though, the fouling factor deviation from the design values reflected on the overall

3. Results and Discussion
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Table 1. Heat transfer design data.

PARAMETER UNITS PLANT DATA
Heat Duty KwW 3390.32
Overall Heat Transfer Coefficient (U) KW/m?K 0.6545
Capacity Ratio 1.966
Fouling Factor m?K/KW 7.5967
LMTD 57.689

Table 2. Result of design point performance simulation of heat exchanger.

Heat Transfer

At,°C At°C Capacity Ratio (CR)  Effectiveness () ~ LMTD Rate Q (KW) U (kW/m*K) Ry (m?K/KW)
2.40 12.97 021 5.17 9.27 989 0.118 6.12
4.56 6.76 0.68 1.49 15.95 1686 0.116 6.11
2.64 11.72 0.25 431 4.89 957.4 0.219 217
5.10 17.38 029 3.39 551 1830 0.369 430
4.60 19.7 0.23 4.28 8.21 1648 0.223 2.08

Table 3. Result of off-design performance simulation at higher temperature gradient on the hot stream.

Heat Transfer

Aty °C At °C  Capacity Ratio (CR)  Effectiveness ()  LMTD Rate Q (KW) U (KW/m?K)  R¢ (M*K/KW)
156.8 7.90 19.88 0.55 57.59 4688.01 0.11 2.77
76.50 3.30 25.51 0.62 43.88 1841.91 0.21 4.97
80.90 2.90 89.89 0.11 48.11 1680.81 0.18 5.17
84.90 1.50 56.01 0.18 57.60 1960.24 0.32 3.96
41.70 2.60 41.71 0.24 48.52 1017.93 0.14 6.63

Table 4. Result of off-design performance simulation at higher temperature gradient on the cold stream.

At,°C At,°C  Capacity Ratio (CR)  Effectiveness ()  LMTD :gz g?ﬂs\;/)er U (kW/m?K) Ry (M*K/KW)
35.44 294.60 0.12 8.32 63.21 5382.50 0.47 5.70
37.04 292.53 0.13 7.91 77.16 6070.00 0.99 6.79
37.62 298.5 0.13 7.82 89.24 6325.27 0.79 4.57
10.10 308.70 0.14 8.47 66.55 1368.43 0.98 3.81
32.00 314.00 0.11 9.71 99.90 1862.43 0.69 5.39

Table 5. Percentage (%) performance of the heating elements at design point: scenario one.

Capacity Ratio (CR) Effectiveness (&) LMTD Heat Transfer Rate Q (KW) U (kW/m?K) Ry (M?K/KW)
89.30 57.6 83.91 70.68 81.97 19.40
65.30 32.27 72.31 50.02 82.27 19.53
87.25 48.96 91.51 71.62 66.53 71.42
85.20 35.10 90.43 45.75 43.60 96.05
88.27 48.6 85.75 51.15 65.92 72.61
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Table 6. Percentage (%) performance of the heating elements at off-design point: scenario two.

Capacity Ratio (CR) Effectiveness (g) LMTD Heat Transfer Rate Q (KW) U (KW/m?K) Ry (M?K/KW)
90.14 75.00 0.05 20.04 83.65 63.52
92.32 71.82 23.85 45.40 67.91 34,55
97.82 95.00 16.51 50.17 72.49 31.91
96.50 91.82 0.04 41.89 51.09 52.06
95.30 89.09 15.79 69.82 78.60 12.69

Table 7. Percentage (%) performance of the heating element at off-design: scenario three.

Capacity Ratio (CR) Effectiveness (&) LMTD Heat Transfer Rate Q (KW) U (kW/m?K) Ry (M?K/KW)
93.88 73.56 8.84 37.33 2171 1.39
93.52 72.19 25.32 44.43 3357 13.69
93.47 71.87 35.43 46.67 17.70 11.44
92.86 74.03 13.42 59.43 33.23 13.82
94.39 77.34 42.32 4479 6.26 9.58

performance of the system at the three scenarios. The values of the capacity ratio, effectiveness, LMTD, heat
duty and overall heat transfer coefficient at difference temperature gradient across the stream are presented.

Table 5 shows the result of a percentage performance of the indicators. The capacity ratio represents an av-
erage of 83.06% of the design value. This represents a deviation of about 16.94% which is practically negligible
due to the specific heat capacity deviation and heat losses across the heating elements. The effectiveness gave an
average of 45% which is quite below expectation. This is basically expressed in the increase in fouling by about
55%. Fouling and heat loss are major elements that deteriorate the performance trend of heat exchanging sys-
tems. The LMTD shows an 84.8% performance on average, while the heat transfer rate shows 57.8% perfor-
mance. The overall heat transfer coefficient gave an average of 68.06% performance on the design value. The
performance based on the heat transfer coefficient is traceable to the temperature gradient and heat transfer area.
Increase in the fouling as earlier explained minimized the active area for heat to be transferred.

Table 6 shows the off-design performance results. The analysis is aimed at theoretically minimizes the energy
losses. The Table shows that the capacity ratio has improved to about 94% of the design value and the effec-
tiveness to 85.5%, while the heat duty performance is 88% of the design value. This represents a good im-
provement on the system performance. It also revealed that the overall heat transfer performance has improved
to 71%. The improvement is reflected in the drop of the fouling factor to about 38.9%. Table 7 indicated a fur-
ther drop in the fouling factor by an average of 9.9%. This reflected on the overall heat transfer performance to
76.4% of the design value.

A Comparative analysis of the three performance scenarios shows that the best performance in capacity ratio,
effectiveness and LMTD occurs at the off-design analysis at lower temperature on the hot stream. Although in
the third scenario, the overall heat transfer shows its best performance.

4. Conclusion

This research evaluates three performance scenario of the heat exchanger, and revealed its performance trend
and deviation from the design values. The elements of fouling and heat loss degrade the system performance
such as expressed in the capacity ratio, effectiveness and the overall heat transfer coefficient. The overall system
performance depends greatly on the temperature difference across the stream which is a function of the heat
transfer area and material. The LMTD is a performance indicator that expresses the heat transfer based on its
value, which is temperature dependent. This evaluation therefore provides the information on the efficiency and
help to check deterioration that may result over time if maintenance measures are not sustained. The deviation
may gradually increase over time, and proactive measure and condition monitoring is paramount to maintain or
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minimize these deviations to negligible percentage. The off-design scenarios predict the performance of the heat
exchanger when certain parameters are optimized as well as minimization of fouling and energy losses. The op-
timized parameters serve as the objective function that is dependable on the minimized variables and other en-
vironmental constraints. This research provides a good technical approach to evaluate the thermal performance of
the heat exchanger used in process engineering.
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Nomenclature

A Heat Transfer Area (m?)

Con Specific Heat Capacity of Hot Fluid

Cpc Specific Heat Capacity of Cold Fluid

R¢ Fouling Factor

m Mass Flow Rate of Cold Fluid (kg/h)

my, Mass Flow Rate of Hot Fluid (kg/h)

Qn Heat Duty of Hot Fluid (kW)

Qc Heat Duty of Cold Fluid (kW)

CR Capacity Ratio

& Effectiveness

L&t Wall Temperatures °C

the Inlet Temperature of Hot Fluid °C

tho Outlet Temperature of hot Fluid °C

ta Inlet Temperature of Cold Fluid °C

te Out Temperature of Cold Fluid °C

At, Change in Cold Fluid Temperature

Aty Change in Hot Fluid Temperature

] Overall Heat Transfer Coefficient

Uglean Overall Heat Transfer Coefficient from Design (KW/m?K)
Udirty Overall Heat Transfer Coefficient from Operation (kW/m?K)
LMTD Log Mean Temperature Difference

APy Pressure Loss Coefficient

R Thermal Resistance to Scale Formation on the Inside Surface
R, Thermal Resistance to Scale Formation on the Outside Surface
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