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ABSTRACT

Thermal design and analysis of heat exchangers are predominantly conducted considering constant
heat transfer coefficients. However, these vary along the length and affect the calculations of heat
transfer rates and area allocations. The current paper investigates the variations in the heat transfer
coefficients in plate heat exchangers (PHX), using different numerical approaches. The heat
transfer coefficient is calculated at the inlet, outlet, and systematically selected intermediate points
for each method. The analysis is conducted for two different systems, i.e., a laboratory-scale and
an industrial scale PHX at different chevron angles. It is concluded that the effect of the variable
heat transfer coefficient is more significant for the large-scale heat exchanger due to high flow
rates, geometrical specifications, Reynolds number, and thermophysical properties. The deviation
of the local heat transfer coefficient along the heat exchanger length is approximately 9-14 % and

3-6% for industrial and laboratory scale PHX, while an area deviation of around 15% is observed.
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Introduction

Single-phase plate heat exchangers (PHX) offer several benefits like close temperature control,
compact size, easy maintenance, and flexibility to deal with viscous fluids [1-3]. These are
commonly employed to recover and utilize waste heat in power plants [4], desalination systems
[5, 6], steam generation facilities [7], process [8], and refrigeration industries [9]. Therefore, a
significant improvement in their thermal performance has been achieved by modifying the
geometric parameters [10, 11], flow configurations [12, 13], plate material, and fouling behavior
[14, 15]. The most critical geometric parameter influencing the heat transfer coefficient of PHXs
is reported to be the plate chevron angle (5) [16]. It is frequently said that the lower chevron angle
plates offer higher heat transfer coefficients; however, the pressure drop is also higher
concomitantly [17, 18]. The optimization of these geometric and flow parameters has also been
adopted using different numerical techniques like dynamic modeling [19, 20], artificial neural
network [21], genetic algorithm [22], and particle swarm algorithm [23, 24] which have proven to
be effective in improving the heat exchanger (HX) performance.

It is essential to mention that in almost all the studies conducted hitherto, the thermal
characteristics of PHXs are investigated using uniform overall heat transfer coefficients. Whereas
the heat transfer coefficients vary along the heat exchanger length (flow direction) because of
variations in the thermophysical properties of fluids [25, 26]. Different researchers have reported
the significance of considering non-uniform heat transfer coefficients for other heat transfer
systems. For instance, Balkan [27] showed that the entropy minimization achieved using the
variable heat transfer coefficient produced better and precise results. Mokheimer [28] reported a
significant variation in the efficiency of different fins under constant and variable heat transfer

coefficients. He concluded that by involving the variable heat transfer coefficient, the deviation
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occurs to 32%, 38%, 39% for the straight, spine with constant profile, and radial fin with rectangle
profile respectively at dimensionless parameter m = 5. Sadri et al. [29] investigated the efficiency
of a straight fin with variable heat transfer coefficient and thermal conductivity for different heat
transfer modes. They reported that these two factors have a significant effect, particularly at large
temperature differences. Shah and Sekulic [30] investigated the heat exchangers under variable
heat transfer coefficients and showed that the Colburn method provides accurate results for the
linear heat transfer coefficient. However, for the non-linear heat transfer coefficient, the most
precise method is the exact numerical method. Shargawy and Zubair [31] conducted a more
comprehensive study in this regard. They presented improved analytical and numerical methods
for concentric tube heat exchanger to analyze the heat transfer area variation and reported a
deviation of ~17% by taking a variable heat transfer coefficient. They suggested that the
Chebyshev method [32] gives reasonably accurate results within a 1% deviation of the exact
procedure.

The above discussion suggests that the variable heat transfer coefficient consideration in the
heat exchanging systems reasonably affects the calculation of critical performance parameters
(e.g., heat transfer coefficients, area, etc.). In this regard, one possibility is to use computational
fluid dynamics to investigate the actual parametric distributions in the heat exchangers. Though,
this approach is computationally expensive and only viable for standalone component analysis.
Therefore, a more convenient and suitable option is to discretize the standard energy equations
using numerical techniques.

The present study focuses on presenting a systematic procedure to examine a plate heat
exchanger under variable coefficients of heat transfer that has not been conducted in literature as

per the authors' knowledge. The numerical techniques used include the arithmetic mean method
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(AMM), Chebyshev rule of integration (CRI), Simpson's methods (SM), and an exact numerical
method (ENM), the details of which are presented in the subsequent sections. In each technique,
the values of thermodynamic properties (temperature, density, viscosity, conductivity, etc.) and
the corresponding Reynolds number (Re), Nusselt number (Nu), Prandtl number (Pr), and the heat
transfer coefficients (4., hn U) are calculated at the inlet, outlet and systematically selected
intermediate points. Finally, the average heat transfer coefficient is calculated as an arithmetic
mean of all the values. By using the average heat transfer coefficients from each procedure, the
corresponding heat transfer area is determined. The values are compared with the constant heat
transfer coefficient case, and the percentage deviation in the heat transfer coefficient and the area

1s estimated.

Materials and methods

Thermal design

A conventional plate heat exchanger used for ordinary heating/cooling purposes is considered
in the current study. Engineering equation solver (EES) based numerical code for the calculated
local, total heat transfer coefficient, heat duty, and heat transfer area is created by using the
governing equation (see Appendix Table A-1 [33-35]). The local heat transfer coefficient is
calculated as a function of Nu, Re, Pr, and (f), as given in Eq. (1) [36-38].

1 0.14
Nu=C,xRe" XPI‘&(iJ (1)
Hy,

where C, and n' vary with Re and 8 as given in Appendix A, Table A-2 [33-36, 39].
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Experimental arrangement

The laboratory-scale PHX (Model: edibon-TIPL-0083/16) is used for experimental validation.
The PHX consists of a base unit for regulating the hot stream flow rates and temperature while
supplying the cold water via an external hydraulic bench (Model: FM-1849). Figure 1 illustrates a
schematic of the experimental setup, while the geometry with all appropriate dimensions and the
internals are presented in Figure 2. The design parameters for the testing and industry-scale plate

heat exchangers are shown in Table 1.

Numerical approaches for variable heat transfer coefficient

For a given PHX, the energy balance is given as.

dQ=-C,dT, =-C.dT. =dU(AAT) )

where the heat duty is represented by O, and AT = T}, - T.is the temperature difference between

the hot and cold fluid. Eq. (2) is integrated to calculate the overall heat transfer coefficient.

T,

U:T”IO—Cthh _ ]f’—C'CdTC
AAT AAT

Th,i TL J

€)

Different numerical approaches are used to solve the above equation. Equation (3) can be

discretized for the hot- and cold-fluid as

. _
f C dT, mh(Th - hl

U= 4
TI AAT Z(AAT )
T . . T
Y—-CdT. m(T. -T.)

U: c c ~ (& c,0 C,l pC 5
T:.: AAT k {Z(AAT) )
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where £, x;, and x, are the number of selected points, initial point, and final point, respectively. In
Eq. (6), the temperature difference and thermophysical properties are dependent upon the
intermediate temperature points located by different numerical approaches. The middle-point

temperature is calculated as

Ly =T, —xAl, (6)

T

c(x) :T;‘,i-l_XAT; (7)

The x refers to the location of the intermediate temperature point over the length of the heat
exchanger.

After calculating thermophysical properties at intermediate points, the hot and cold side's local
heat transfer coefficient is determined at selected points, which further combines using Eq. (8) to

get the overall heat transfer coefficient.

1 ¢
+h_+?+Rf’h+Rf’” (8)

1.1
U hh c

Arithmetic mean method

In heat exchanger study, this approach is widely used and serves as a base case for the current
work. The cold and hot fluid's thermophysical properties are calculated at their respective mean
values of inlet and outlet. The hot and cold fluid temperature at specified points can be calculated
from the equations in the subsection. After calculating temperatures and thermophysical properties
at the inlet (x;) and outlet (x,) point, the local, overall heat transfer coefficient, and area of HX can
be calculated. A detailed discussion of this numerical approach can be found in the heat exchanger

textbook [40, 41].
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Chebyshev integration method

It is also known as a four-point integration method and works by calculating the required
quantity at four intermediate points in addition to inlets and outlets. These points are taken at 10%,
40%, 60%, and 90% of the respective fluid's absolute temperature difference. The temperature
depends on the thermophysical properties of hot and cold fluids are calculated at their selected
points which are further utilized to calculate the local overall heat transfer coefficient. Sharqgawy
and Zubair [31] have discussed the comprehensive formulation, including the four-point

integration method for HX.

Simpson's (n = 2, 4 and 8) methods

The method offers flexibility to vary the intermittent points, thus facilitating the integration
of complex formulations. In this paper, Simpson's rule is used; the number of segments is the
multiple of 2 such as (n=2,4 and 8). The temperature and thermophysical properties are calculated
at each point to study the variation in the local heat transfer coefficient. Simpson's (n=2) method
is the simplest case that uses inlet and outlet boundary conditions with the addition of a mid-point.
This method provides a more precise and accurate result by adding the intermediate point between
the inlet and outlet boundary. Therefore, the method is modified by increasing the number of

segments as n=4 and 8, which uses five and nine intermediate points, respectively [40].

Exact numerical method

The exact numerical (n=100) method approach is an effective technique to solve integration.
In the current case, the heat exchanger is fractionated into a hundred intermediate points at which

the properties are calculated at the selected points, and variation of the local heat transfer
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coefficient is examined. This approach utilizes an extensive number of intermediate points for an
accurate estimation.

It is essential to mention that all the above-discussed numerical techniques work on the same
principle of discretizing the energy equation. It is important to note that the number of nodes at
which temperature, thermophysical properties, Reynolds number, Prandtl number, and heat
transfer coefficients are calculated to differ depending upon the technique. A detailed graphical
representation and the corresponding numerical formulation consisting of intermediate point
selection and boundary conditions for comparison are summarized in Table 2. It emphasizes that
the selection of nodes and parameters is well defined in the technique's mathematical development

and 1s only utilized in the current study.

Numerical solution and assumption

An EES-based numerical code is generated using the above-mentioned governing equations.
The numerical code is first validated with the experimental setup. After that, the temperatures and
thermophysical properties are calculated at the intermediate points generated by the numerical
approaches. It is followed by calculating Reynolds number, Nusselt number, effective area, local-
and-overall variable heat transfer coefficient. A laboratory and full-scale plate heat exchanger are
then investigated to examine the local heat transfer coefficient variation. The solution flow chart
is represented in Figure 3. This study is based on the following assumptions: (a) variable heat
transfer coefficients, (b) steady-state process, (c¢) negligible longitudinal heat conduction, (d)
minor thermal and hydraulic losses in connecting pipes, (€) the system-wide incompressible fluid

flow, and (f) the hot fluid dissipated the cold fluid fully absorbs heat.
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Results and discussion

Experimental validation

The EES numerical code is developed and validated with the experimental data from a
laboratory-scale PHX (Model: edibon-TIPL-0083/16) as illustrated in Figure 1. The experimental
setup's geometric specifications are summarized in Table 1, and the corresponding internal details
of the heat exchanger plate are presented in Figure 2. The experiments were conducted for ten
different sets of variables; each run was operated for 35 minutes; the details are shown in Table 3.
The data was recorded in the data acquisition system (edibon-SCADA) and imported into EES
software by using the look-up table command. Then the numerical results were validated with the
experimental data, which showed a very close agreement between each other, as shown in Figure
4. However, the error deviation between the numerical and experimental values was calculated to

be within + 5% due to the instruments' inaccuracy and non-negligible heat losses.

After validation at various operating conditions, the uncertainty propagation analysis was
conducted to estimate the total uncertainty in the calculated parameters, i.e., the overall heat

transfer coefficient, U due to the instruments' inaccuracy. The input parameters are modeled as a

sum of their nominal value ( X ) and uncertainty (U )'( ), as given below [42].
X=X=+U, 9)
The corresponding uncertainty in the response variable ¥ due to U )'( is calculated as [43],

! dY 14
UY :EUX (10)
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The total uncertainty in Y due to X's variations is given by the root sum square product of the
individual uncertainties computed to the first-order accuracy for a multi-variate function Y =Y
(X1, Xa, . ., Xn) as [39].

1/2

2
M (oY
U! = — U
! ;(GXI. Xj

ov .Y (or Y oY )2
= —U)'( + _U)'( 4oeeennn 4 _U)’(
ax, “) "lax, ® ax,

The accuracy of temperature sensors was taken as = 0.5°C and flow sensors are = 1% in the

(11)

current analysis. The analysis showed that the uncertainty in overall heat transfer coefficient due
to T, was = 0.1984, Tj as + 0.1695, V. as + 0.8905, and V' as £ 0.8187. Therefore, the total
uncertainty is calculated as the root sum square product of the individual variations to the first-

order accuracy in U was + 1.265.

Laboratory scale PHX

After the validation, the laboratory-scale plate heat exchanger was run to examine the variable
heat transfer coefficient variation. In the current study, the hot side was selected to visualize the
variation of heat transfer because, in PHX, both sides are identical but opposite in trend. The
variation of local heat transfer coefficient by different numerical approaches is illustrated in
Figures 5 (a) to (f). From Figure 5, it can be observed that the deviation was slight on a laboratory
scale due to the small mass flow rate and geometry specification. For example, the variation of

local heat transfer coefficient was +6% for chevron angle g

Yz,
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for chevron angles B = 60° and 65° is not presented because, at a high chevron angle, the effect of

variable heat transfer coefficient was minor due to less enhancement of Reynolds number.

Furthermore, for the chevron angle = 30° the values of uniform and average heat transfer

coefficient by all numerical approaches were observed to be very close (i.e., +1%); thus, exhibits

that the effects on the thermal performance of heat exchanger are marginal for small scale HX.

Industrial-scale PHX

After laboratory-scale, an industrial-scale HX was considered to investigate the heat transfer
coefficient's variation at high flow rates, temperature differences, and heat duty. It can be explained
that the effect of different parameters dilutes or intensifies at different heat exchanger sizes. For
example, the impact of end plates on PHX performance reduces at a higher number of plates and
becomes significant when there are fewer plates. The effect of the variable local heat transfer
coefficient by different numerical approaches is illustrated in Figures 6 (a) to (f). It was observed
that the variation in heat transfer coefficient was significant in the industrial-scale heat exchanger
(refer to Figure 6) compared to the laboratory-scale heat exchanger (refer to Figure 5). This is
because of having high process specification, geometric parameters, and thermophysical
properties. For example, the deviation of the local heat transfer coefficient along the heat
exchanger was within the range of ~9-14% for different chevron angles, as shown in Figs. 5 (a) to
(f). Furthermore, for the chevron angle £ = 30°, the values of uniform and average heat transfer
coefficient by all numerical approaches revealed a markable deviation due to the local heat transfer
coefficient having 9-14% deviation along the length of large scale HX. It indicates that special
attention is needed towards the variable heat transfer coefficient approach in designing for such a

large-scale component.
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Deviation in the heat transfer area

Based on the variation in local heat transfer coefficients as presented above, the overall heat
transfer coefficient was calculated as ~3-6% and ~9-14% for laboratory scale and industrial scale
PHXs, respectively. The corresponding area deviations for different numerical approaches for the
industrial-scale plate heat exchanger are presented in Table 4. The area deviation (<+15%) was
observed, which affects the heat exchanger's capital investment. Therefore, attention is required,
especially for large-scale heat exchangers, on the variable heat transfer coefficient for accurate

thermal and economic performance prediction.

Heat transfer coefficient for different fluids

After a detailed investigation of deviation in the laboratory and industrial-scale heat exchanger
for water, the study was extended to different fluids to examine the heat transfer coefficient's
varying behavior. For this investigation, the fluids selected included ammonia, propane, ethane,
and ethylene in a PHX with f = 30°. The variation in heat transfer coefficient is presented in
Figure 7, which shows about + 2.1%, + 5.3%, + 5.1%, and + 4.9% deviation for ammonia,
propane, ethane, and ethylene, respectively if we compared the intermediate points 0.1 and 0.9
along the heat exchanger length. It implies that the fluids with high thermophysical properties
dependent on temperature will observe large variations in the heat transfer coefficient along the

heat exchanger length.
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Concluding remarks

The current study presents a systematic procedure for the analysis of PHX under the variable heat
transfer coefficient. For this purpose, an experimentally validated EES-based numerical code was
employed to study the heat transfer coefficient variation along the heat exchanger length for
laboratory and industrial-scale PHXs. The different numerical approaches used to discretize the
energy balance equation included AMM, CRI, SM, and ENM. The study verified that the heat
transfer coefficient was not uniform. Instead, it varied along the heat exchanger length. It decreased
for the hot side and increased for the cold side from the inlet to the fluid outlet. The significant

findings of the study under current operating scenarios are summarized below:

e The local heat transfer coefficient variation was dominant for large/industrial heat exchangers
with ~9-14% compared to the small/laboratory scale HX having h ~3-6% for different
numerical approaches.

e The variation in local heat transfer coefficients along the heat exchanger length for different
fluids, i.e., ammonia, propane, ethane, and ethylene, was observed to be of the order of +2.1
%, £5.3%, £5.1%, and +4.9%, respectively.

e The heat transfer area deviation calculated using variable heat transfer coefficient approaches
is observed as < +15% compared to the constant heat exchanger area.

e Among different numerical approaches used, the CRI (which employed only four intermediate
points) is recommended to analyze the heat exchangers. It produced results reasonably close

to the exact numerical method with many discretizing points (i.e., 100 in the current study).
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Nomenclature
A area of heat transfer, m?
A; area of single plate heat transfer, m?
Aip area of the projected plate, m?
Ae cross-section area used in Table A-1
AMM arithmetic mean method
b mean gap of channel flow, m
Ch Nusselt number constant for measurement in Table A-2
Cp specific heat, kJ/kg-K
C parameter in Eq. (2), kJ/K's
CF cleanliness factor
CRI Chebyshev rule of integration
D, diameter of port, m
Dy, hydraulic diameter, m
EES engineering equation solver
ENM exact numerical method
G mass velocity, kg/m?:s
h heat transfer coefficient, W/m?-K
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HX

Le

Ly

Ly

Ly

LMTD

Pw
Pr

PHX

heat exchanger

thermal conductivity, W/m-K
number of selected intermediates point
pressure drop constant for measurement in Table A-2
compressed plate pack length, m
distance of horizontal port, m
projected plate length, m
distance of vertical port, m
width of effective channel, m
log mean temperature difference
mass flow rate, kg/s

number of channels/pass

the effective number of plates
passes number

plates number

Nusselt number

segments/parts

over surface design

pressure in Figure 3

pitch in Table A-1, mm
perimeter in Table A-1, mm
Prandtl number

plate heat exchanger
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Q' heat duty, kW

Ry fouling resistance, m*-K /W

Re Reynolds number

SM's Simpson's methods

SS stainless steel

t plate thickness in Eq. (8) & Table A-1
AT temperature difference

T temperature, °C

U overall heat transfer coefficient, W/m?-K
U )’( uncertainty in X variable

U ; uncertainty in Y variable

A% volume flow rate, liter/min

X variable in Eq. (9)

X nominal value

X location of the intermediate point, mm
Y variable in Eq. (10)

Greek Symbols

S chevron angle, deg

¢ enlargement factor

P density, kg/m’

H dynamic viscosity, kg/m-s

AT change in temperature, °C
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ATimtD log mean temperature difference, °C

Ax increment in intermediate points, mm

Subscripts

c cold

ch per channel

¢ cold inlet

cl clean

c,0 cold outlet

e effective

f fouling/fouled

h hot

h,i hot inlet

h,o hot outlet

i initial point

n final point

p port

tot total

A4 wall

Superscripts

m pressure drop number constant for measurement in Table A-2
n' Nusselt number constant for measurement in Table A-2
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Appendix A

Table A- 1
Thermal design equations of PHXSs.
Parameter Relation
G,D
Reynolds number Re=—¢—1
y7,
. m
Mass velocity per channel (kg/m?s) G, = N A
cp*ch
N, -1
Number of channels per pass » =5 N,
Single-channel flow area (m?) A,=L xb
Mean gap of channel flow b=p'—t
! Lc
Plate pitch (m) p=—"
Nt
o 44, 2b
Hydraulic diameter (m) h = P = ?
Projected plate area (m?) 4,,=(L,-D,)L,
Enlargement factor 4=9¢ Al’ »
Effective heat transfer area (m?) 4,=A4N,
Number of effective plates N,=N, -2
. Nuk'
Heat transfer coefficient (kW/m?K) h= D
h
Overall clean heat transfer coefficient L _ L n t n L
(kW/m?K) u, h k' h
Overall fouled heat transfer coefficient RS — 1 +R.
(kW/m?K) u, u, M
Heat duty (kW) Q=UxA xAT,,.,
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Table A-2
Constants used in the gasketed PHXs for single-phase heat transfer and pressure drop
measurement.

Chevron angle Thermal Hydraulic
(degree) Re Ch n' Re Kp m
<10 0.718 0.349 <10 50.000 1.000
<30 >10 0348 0663  10-100 19400 0589
>100 2.990 0.183
<10 0.718 0.349 <15 47.000 1.000
45 10-100 0.400 0.598 15-300 18.290 0.652
>100 0.300 0.663 >300 1.441 0.206
<20 0.630 0.333 <20 34.000 1.000
50 20-300 0.291 0.591 20-300 11.250 0.631
>300 0.130 0.732 >300 0.772 0.161
<20 0.562 0.326 <40 24.000 1.000
60 20-400 0.306 0.529 40-400 3.240 0.457
>400 0.108 0.703 >400 0.760 0.215
<20 0.562 0.326 50 24.000 1.000
> 65 20-500 0.331 0.503 50-500 2.800 0.451
>500 0.087 0.718 >500 0.639 0.213
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Table 1.

Geometric conditions of an experimental and actual industrial-scale heat exchanger.

Value
Parameter Experimental Industrial [35]
Process
Mass flow rate (hot/cold), kg/s 0.01871/0.01697 50/50
Inlet temperature (hot/cold), °C 53.04/40.34 65/22
outlet temperature (hot/cold), °C 44.84/47.4 45/42
Geometric
Plate thickness, ¢, mm 0.6 0.6
Chevron angle, g 60° 30°- 65°
Total plates 20 35
Enlargement factor, ¢ 1.15 1.25
Total passes (cold/hot) 1/1 1/1
Effective area, Ao, m> 0.432 35.08
Diameter of all port, Dy, mm 24 200
Compressed length of plate pack, L., mm 65 380
Distance of vertical port, L,, mm 243 1550
Distance of horizontal port, L,, mm 72 430
Width of effective channel, L,,, mm 96 630
Plate thermal conductivity, £, W/m.K 17.5 20
Plate material SS SS
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Table 2.
Numerical approaches details.

Approach Graphic description Mathematical formulation
Tu[xi] T [x4] k=2,x=0,1
— — L, .
Pew o i _ J' -C, dT, zmh(]-;z,o_]-;z,i) ( Cpn )+ ( Coi )
= 5 2 AAT 2 AAT™ AAT
I ki
Arithmetic Lﬂ F
mean L =T,
;I‘i EO-— Th[l] = Th,i - ATh
T, [x] R=leng Tl AT =T, -1,
Tolxi]  Tylxo]  Tylxs] Ty [x4l k=4,x=0.10,0.40,0.60,0.90
_—t H e —
. T.. Chh Cph
Th’l — =+ o ) Na L, . (p—)O.IO + (p—)0_40 o
= = = N J- -C,dT, m(T,,-T,,)| AAT AAT
I [ = ~
Chebyshev o & ) A ;. AAT 4 Co
integration ‘ + (—A AT)o.9o
Tc,o Th,o o
~fe— —

Telxal  Telxal  Telxs]  Telx]

x = length

Th[o.lo] = Th,i —0.10AT,

Th[0.90] = 7;,1- —0.90AT,
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Ty [xi] T [xi] Ta[xo]

Ax="" —x/
n

x,=0,x, =x, +Ax,x, =x;, +Ax---, X

son=2,4and8

=1
Th [X6] Th [X7] Th [Xn]
[ i —! For sim =38
; : psonn = §,
—— E —
Thi o T, Tes k=9,Ax=0.125, x=0,0.125,0.25---0.875,1
A ¢ S
o ig i Sf S [ ¢ c
S; i_ ol I SR ( p.h ), +( p.h T
impsons Mol 1 ALg T, . _ 0 0.125
(h=24.8) 7 _ j -C, dT, N m, (T, , Thl) AAT AAT
T AAT 9 c
L — H=2),
; : / p— AAT
Te[x] Te [x1] Te[x2] Te [x6] Te [x7] Te [%al -
X = length T =T Thoaas) =Ths = 0-125AT,
];1[1] :Th,i - ATh
Tusd Tix] s T —_ k=101,x=0,0.01,0.02---0.99,1
— : — ¢ N [ ]
Th,' : : T,' T, : . ( = ) +( = )
i i ~ EN . g _ c,1 ~ To—Cthh th(T;l’o_T;l’[) AAT 0 AAT 0.01
e 12 i< A S = ~
Exact . L_ = < = R i, AAT 101 X Coi )
Numerical P i g 4 AAT!
(n=100) T T N -
c,0 h,o
= — : : T— Th[o] =T, Th[O.Ol] =T, — 0.01AT,
Telxi] Tl Te[xa] Telxos]  Telxool Telxal
x = length T, =T,, — AT,
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Table 3.
Experimental data.

Process parameters

Data set
Tei/Teo (°C) Th,i/ The (°C) Ve/Vh (I/min)

Run 1 20/33 47/31 1.03/0.92
Run 2 33/44 50/45 0.97/2.08
Run 3 20/34 48/33 1.75/1.65
Run 4 20/34 47/33 1.75/1.76
Run 5 25/33 45/34 1.95/1.86
Run 6 26/38 49/39 1.94/2.35
Run 7 32/37 50/38 2.27/2.12
Run 8 27/32 48/31 3.71/1.35
Run 9 27/30 47/32 3.19/2.13
Run 10 27/32 48/33 3.69/2.10
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Table 4.
Comparison of the averaging method for industrial-scale PHX.

(Aapproach - Aconst)

Method A (m?) /4 %100
Constant 35.08 0

Arithmetic mean 40.43 +15.25
Chebyshev 40.25 +14.74
Simpson (n = 2) 40.34 +14.99
Simpson (n = 4) 40.3 +14.88
Simpson (n = §) 40.27 +14.79
Exact (n = 100) 40.26 +14.76
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List of Figure Captions

Figure 1. Experimental arrangement, (a) actual system, and (b) schematic illustration.

Figure 2. Chevron plate characteristics.

Figure 3. Numerical analysis flow chart.

Figure 4. Validation with laboratory-scale PHX.

Figure 5. Variation in h for laboratory-scale PHX by (a) Arithmetic mean (b) Chebyshev method
(c) Simpson (n=2) method, (d) Simpson (n=4) method, (¢) Simpson (n=8) method, and (f) Exact
numerical (n=100).

Figure 6. Heat transfer coefficient for industrial-scale HX at a different angle by (a) Arithmetic
mean method (b) Chebyshev method (c) Simpson (n=2) method (d) Simpson (n = 4) method (e)
Simpson (n = 8) method (f) Exact (n = 100)

Figure 7. Heat Transfer coefficient for different fluid.
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Figure 1. Experimental arrangement, (a) actual system, and (b) schematic illustration.
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