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Abstract

Heat exchangers are employed extensively in different industries such as ship building,
chemical technology, power, food and beverage, and others. Maximum heat transfer in a heat
exchanger is desired to achieve the highest possible efficiency and performance of the device.
The heat transfer dynamics of a shell and tube heat exchanger with water as the heat transfer
fluid are statistically examined in this study using the Full Factorial Design of Experiments
approach. Input variables include the fluid flow parameters namely mass flow rates of the hot
and cold water (50-250 L/h) as well as the temperature of the hot fluid entering (48.1-66 °C).
The responses evaluated are the log mean temperature difference, heat transfer rate,
effectiveness and overall heat transfer coefficient. The findings indicate that high flow rates
and a high inlet temperature are the optimal input settings for maximum heat transfer. Low
flow rates and high inlet temperature are the best settings for maximum effectiveness. The
interactions between flow rates have a significant impact on the responses of heat transfer
rate, overall heat transfer coefficient, and effectiveness. Effectiveness is also affected by the
interaction of cold fluid’s flow rate and its inlet temperature.

Keywords: Factor interactions; Log mean temperature difference; Effectiveness; Heat
transfer; Statistical analysis; Design of experiments; Heat exchanger.
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1. Introduction

Heat exchanger devices are a common means of facilitating heat transfer from one fluid to
another or recouping waste heat [1]. The analysis of the heat transfer performance of these
devices is crucial for enhancing the process. Numerous methods are being applied for the
analysis, considering a wide range of factors and parameters. The parameters considered
are geometric, flow, and thermo-physical parameters that influence the heat transfer
performance dynamics of a heat exchanger. Usually, the heat transfer dynamics of a heat
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exchanger are explained using its log mean temperature difference (LMTD), effectiveness
(€), heat transfer rate (Q) and overall heat transfer coefficient (U).

Experimental analysis of a heat transfer system is a basic method that involves
investigating individual factors, leading to multiple experiments. Moreover, this approach
is time-consuming and does not provide any scope to understand the interactions among the
factors and their effects on the system's performance. These drawbacks of empirical analysis
can be overcome by employing the statistical approach of full factorial design of
experiments (DOE) [2]. The method uses a scientific approach to systematically plan
experiments [3,4], examining a variety of input factors simultaneously and evaluating their
impact on the desired outcome (response). Here mathematical models are developed and
the effects of the individual factors and their interactions on the system's performance are
identified which are otherwise missed in the one-factor-at-a-time (OFAT) experimental
approach [5].

The analysis facilitates the optimization of the factors that influence the system's
response [6]. In this work, full factorial DOE is employed to statistically investigate the
impact of factors and their interactions on the heat transfer dynamics of a shell and tube
heat exchanger, and formulate models for optimum heat transfer performance. The
responses LMTD, €, Q and U are estimated by conducting designed experiments using the
heat exchanger.

DOE applied to various heat exchanger problems for practical analysis and optimization
in the current field of research supports to plan experiments and analyze the obtained results
[5,7]. The growing advances of DOE enable the researchers to reduce the limitations of the
traditional analysis methods, thus enhancing the quality of the analyses. The significance of
design parameters of a heat exchanger is studied using the central composite DOE.
Regression models are developed to comprehend the effect of process parameters on the
responses. The inlet temperature of the hot fluid has a significant impact on heat transfer
rate, whereas the mass flow rate of cold fluid affected effectiveness and pressure drop [8].
The Taguchi method of DOE is applied to study effect of design parameters in an
overlapped helical baffled heat exchanger [9]; and effect of width and pitch of turbulators
and Reynolds number (Re) of the flow on heat transfer performance of a turbulated heat
exchanger [10]; Re, number of injectors and its design and arrangements that affect the
heat transfer and pressure drop in a concentric heat exchanger [11]; in analyzing design
and flow parameters namely Re, duct height and winglet length affecting the responses in a
plate-fin heat exchanger [12]. A complete factorial experimental design approach is used
to obtain the exergy efficiency of a double pipe heat exchanger with nanofluids and twisted
tapes [13]; to observe interaction effects among the experimental parameters impacting heat
transfer performance of a louvered fin compact heat exchanger [14]. With computational
fluid dynamics, DOE is employed in a gas-solid fluidized bed heat exchanger to analyze
and determine significant process parameters [15] impacting its heat transfer coefficient.
The effectiveness and exit temperature of the cold fluid of a heat exchanger prototype are
experimentally evaluated [16]; simulation programs are deployed to investigate the role of
heat exchanger design on the efficiency of energy transfer and heat distribution for different
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flow arrangements [17]. CFD and DOE are applied in the thermo-entropic analysis of a
wavy twisted tri-lobed tube heat exchanger [18].

From the literature surveyed, it is observed that the studies mostly focus on the
assembled type of heat exchangers with analysis mostly on design parameters. While a
handful has been carried out on flow and thermal parameters that affect the heat transfer
dynamics. Further, there has not been much emphasis on the statistical analysis of the most
conventional type, ‘the shell and tube heat exchanger.” The focus of the paper is therefore
directed towards the statistical analysis of the process parameters (flow and thermal) of a
shell and tube heat exchanger other than its design. The current research stresses on
statistically evaluating the effect of input parameters, namely mass flow rates of hot and
cold fluids and hot fluid temperature, on the heat transfer performance responses of a one-
pass shell and tube heat exchanger. The important aspect of the study involves statistical
analysis of the interactions among the input parameters and understanding their combined
effect on the responses.

2. Methodology

This research work utilizes the Full Factorial Design of Experiments methodology because
there are less than four process parameters with two levels for each parameter [6]. A full
factorial experiment is a statistical experiment with two or more factors, each having
discrete potential values or ‘levels’ [3]. The limitations of OFAT are overcome using the
methodology. It allows for the analysis of the impact of each factor on the response variable,
as well as the effects of interactions among factors on the response variable [6].

2.1. Fixing the regression coefficients for input parameters

The Full Factorial Design of Experiments is used to carry out the statistical evaluation of
heat transfer responses of the heat exchanger. For a full factorial design of n factors, the
response variable Z is represented by a linear regression polynomial [3] as in Eq. (1)

Z=do+ Xl di X + X1 o i AijXiXj + X0 k=1t 21 DijaXiX Xic 1 (D
where dy, d;, d;j and d;j; are regression coefficients and X;, X; Xj are independent
factors.

To investigate the heat transfer dynamics of the shell and tube heat exchanger and
evaluate its performance, three input or process parameters, i.e., main factors, are
considered. These input factors are the hot water flow rate (F,), cold water flow rate (F,),
and the inlet temperature of the hot fluid (7},). Since the input parameters considered in

this current work is less than four, so the Eq. (1) is rewritten as
Z=d,+ diF; + dyFy + d3Tpy + dioFoFy + disFeThy + dysFyThy + dipsFeFpThy, (2)

where F,, F,, and Ty, represent the independent factors in Eq. (2). The multiple response
variables considered in this research work are Z;= LMTD, Z, =€, Z; =Qand Z,= U.
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2.2. Developing the Ls orthogonal experimental array

To conduct the investigation using full factorial DOE, an L orthogonal experimental array
is developed for three factors A, B and C, respectively representing F,, F,, and Tj;.
Considering two levels for each factor, the full factorial DOE sample size is 23 = 8, which
results in eight designed experimental runs [4,19]. The design matrix for a 23 full factorial
design that represents the Lg orthogonal array for three input parameters is developed as
shown in Table 1.

Table 1. Design matrix of 23 full factorial design.

Factors
I A B AB C AC BC ABC
1 + - -+ -+ + -
w | a + + - - - - + +
% b + -+ - -+ - +
Elab + + + + - - . .
§ c + - -+ + - - +
= ac + + - - + + - -
be + - + - + - + -
abc  + + + + + +

Table 2. Factor levels.

Input Low level High level
variables

Fc(L/h) 50 250
Fn(L/h) 50 250

Thi (°C) 48.1 66

In Table 1, the signs ‘+’ and ‘-’ describe the upper and lower ranges for each independent
variable. A, B and C are the main input factors while AB, AC, BC and ABC represent
interactions among the input factors. The possible treatment combinations are 1, a, b, ¢, ab,
ac, bc, abc [20]. The input factors F,., Fj, and Ty, influence the heat transfer output responses
Z1, 2>, Zs and Z,;. Each factor has two levels, denoted by low and high range values. Table
2 provides the two levels of the input parameters. With the design matrix in Table 1 and
factor levels in Table 2, the full factorial design matrix for the heat exchanger experiment
is generated in the statistical solver MINITAB. The full factorial DOE is provided in Table
3. Experiments are performed for each of the eight designed experimental settings (Table
3) in the one-pass shell and tube heat exchanger (Fig. 1a). The responses LMTD, €, Q and
U are obtained (Table 4) (Appendix A. Eq. A.1-A.14). There are no replications of the
treatment combinations, so there is no replicated complete factorial design of experiment.

2.3. Experiments

The experimental set up of a shell and tube heat exchanger that has a tube fixed inside a
high-speed steel (HSS) shell is illustrated in Fig. la. It has physical dimensions of shell
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length (L) of 0.5 m, tube inner diameter (Di) of 0.013 m, and outer diameter (Do) of 0.016
m. The heat transfer process is accomplished by circulating hot fluid around a single-pass
tube (Fig. 1b). The counter-flow heat exchanger circulates hot water inside an enclosed
space called the shell, while cold water flows inside the single-pass tube spiralled around
the shell's inner surface. The hot fluid in the shell warms the cold fluid in the tubes, while
the cold liquid in the tube cools the warm fluid in the shell. The flow rates of both hot and
cold water can be controlled by using valves. A magnetic drive pump fitted is used to
circulate the hot water to the heat exchanger, and a digital temperature controller is used to
control the water temperature. The temperatures of the fluids at various sensors are recorded
after the flow reaches steady state.

: Cold fluid inlet
_ Control panel

i - Hot fluid outlet
Temperature

sensors

Hot
fluid
inlet

outlet
Rotameter

=— Hot water tank
L

with heaters

Cold Fluid out

Temperature sensors Shell

Fig. 1. (a) Experimental setup of the single pass shell and tube heat exchanger. (b) Schematic view of
the heat exchanger.

Table 3. Full Factorial Design Matrix for the experiment.

Std order Run Order Fe(L/h)  Fp (L/h) Th (°C)
1 8 50 50 48.1
2 4 250 50 48.1
3 2 50 250 48.1
4 5 250 250 48.1
5 7 50 50 66.0
6 3 250 50 66.0
7 6 50 250 66.0
8 1 250 250 66.0

Table 4. Heat transfer responses of full factorial DOE.

Std order Run order LMTD (°C) € Q W) U (Wm?K)
1 8 11.94 0.71 616.84 2055.54
2 4 11.91 0.73 782.25 2612.44
3 2 15.65 0.38 1730.08 1730.08
4 5 15.81 0.38 2205.24 5549.17
5 7 20.61 0.70 1526.30 2946.61
6 3 19.91 0.75 1553.91 3105.38
7 6 25.31 0.56 2341.89 3681.58
8 1 27.74 0.37 4294.25 6159.44

2.4. Model Formulation
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The heat transfer performances (Table 4) are statistically evaluated to estimate the effects
of factors and their interactions on the responses (Appendix A. Tables A.1-A.4). The
coefficients for each response are shown in Table 5. The mathematical modelling of the
responses LMTD, €, Q and U obtained using the regression coefficients (Table 5) are
represented by equations Egs. (3) to (6) respectively.

Table 5. Regression coefficients. Table 6. p-values of significant factors.
Factors Coefficients for Significant p-values of
(corresponding ¢ Q U factors oD e Q U
coefficients)

Constant (do) 18.61 0.57  1881.30  3480.00 Constant  {0.00 0.00 0.00 0.00

Fe(dy) 0.23 -0.01  327.60 876.60 Fe 0.51 0.58 0.15 0.01

Fi(dz) 2.52 -0.15  761.50 800.00 Fn 0.01 0.01 0.02 0.02

Thi(d3) 4.78 0.02 54770  493.20 Thi 0.00 0.41 0.05 0.06

Fe*Fh(diz) 0.42 -0.03  279.30 697.70 Fe*Fy .30 0.27 0.20 0.03

Fe*Thi (di3) 0.20 -0.02  167.40 -217.40 Fe*Tn - - -

Fn*Thi (d23) 0.62 0.02 127.50 147.20 Fn*Thi A7 - -

Fe*Fp*Th 0.37 -0.03  201.90 -117.90

(di23)

LMTD = 18.61 + 0.23F, + 2.52F, + 4.78Ty; + 0.42 F.F, + 0.20F,Ty; + 0.62F,Tpy +

0.37F.Fy Ty, 3)
€=0.57 — 0.01F, — 0.15F,, + 0.02Ty; — 0.03F.Fy — 0.02F,.Ty; + 0.02F, Ty —
0.03F.Fy Ty, )
Q = 1881.30 + 327.60F, + 761.50F, + 547.70T; + 279.30F.F, + 167.40F, Ty, +
127.50F, Ty + 201.90F.F,, Ty )
U = 3480.00 + 876.60F, + 800 F), + 493.20T}; + 697.70F.F, — 217.40F.Ty, +
147.20F, Tpy — 117.90F.F,, Ty (6)

Equations Egs. (3) to (6) show the values of model coefficients. But for estimating the
significant effect of factors on responses, ‘analysis of variance’ (ANOVA) is conducted at
a 5 % level of significance. Before ANOVA, the sparsity of effects principle [3,5,14] is
applied, and higher order 3-way interactions dropped from the models as these have
negligible significance on heat transfer performance. The subsequent higher degree terms
are also removed from the analysis one at a time. Table 6 displays the significant parameters
and p-values (P) of the corresponding effects for each response. The final P of interaction
effects with negligible significance on the responses is excluded.

3. Results and Discussion

3.1. Determining significant factors

The significant factors of heat transfer performance are obtained from the analysis of
variance of the factors' effects (Appendix A. Tables A.5-A.8). The hypothesis for the

analysis is established as follows:
Ho: Factor Effect is insignificant (P>0.05)
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Hi: Factor Effect is significant.
3.1.1. Analysis of LMTD

The ANOVA of LMTD (Appendix A. Table A.5) shows that F, and T}, have a significant
effect with P < 0.05 (Table 6). The model includes interaction terms F.* F;, and Fy, * Ty,
although the P > 0.05. These interaction terms influence the response in comparison to the
removed higher order interaction terms due to the presence of Fj and Tj;. Furthermore,
keeping the interaction terms help improve the model by increasing the value of adjusted-
R? (Table 8). F. has a P> 0.05 (Table 6) but is considered in the final model of LMTD due
to its theoretical and practical importance.

The normal probability plot for LMTD (Fig. 2a) obtained from ANOVA also indicates
that F, and Ty, are crucial factors that have a positive impact on the response. The Pareto
Chart (Fig. 2b) identifies Fj, and Ty, as strongly influencing the response and Tj, is the
most effective. The main effects plot (Fig. 2¢) reveals an increase in LMTD with both Fj,
and T, while the increase in F, has minimal significance. The interaction effects plot of
LMTD (Fig. 2d) illustrates the negligible significance of interactions on LMTD. It is also
apparent from the ANOVA that the interactions are not statistically significant. Fig. 2d
provides the evidence of this fact as in the plots the lines are almost parallel to each other
and have the same slope.
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Fig. 2. Analysis of LMTD. (a) Normal probability plot of the effects. (b) Pareto chart of the effects.
(c) Main effects plot. (d) Interaction effects plot.
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3.1.2. Analysis of €

The significant parameter in ANOVA of € (Appendix A. Table A.6) is Fj,, which has a P of
0.01 (Table 6). The other individual terms F, and T}, are included in the model due to their
theoretical importance, regardless of having a P>0.05 (Table 6). The interaction term F,*
Fy, is retained in the model because removing it decreases the adjusted-R? value from 84.74
% to 81.72 %. The model provides a fair amount of R? and adjusted-R? (Table 8).

The normal probability plot for € (Fig. 3a) indicates that Fj, is the most significant factor
and has a negative effect on the response. Fj, is identified as the most significant parameter
by the Pareto analysis (Fig. 3b). The main effects plot (Fig. 3¢) describes the decrease of €
with the increase in Fj,, whereas the influence of F, and Ty,; on € is relatively less substantial.
The interaction plot (Fig. 3d) reveals that the significant interactions are F, * Fj, and F_ *
Th1- There is no significant effect for the interaction term Fp,* Tjq, so it was dropped from
the modified regression model.
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Fig. 3. Analysis of €. (a)Normal probability plot of the effects. (b) Pareto chart of the effects. (c) Main
effects plot. (d) Interaction effects plot.

3.1.3. Analysis of Q

The most important parameter obtained in the variance analysis of Q (Appendix A. Table
A.7)is Fy, due to a P of 0.02 (Table 6). The subsequent significant parameter is T}, which
has a P of 0.05. F, is not statistically significant but is retained in the model due to its
practical importance. The interaction term F.* F, is also included as its removal reduces
the adjusted-R? from 82.75 % to 75.19 %. The final regression model thus improves the
value of adjusted-R? (Table ).
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Further graphical analysis was carried out using a normal probability plot to analyze the
effects of the factors. Fig. 4a reveals Fj, and Ty, as the significant factors influencing Q, and
their effect on the output is positive. The Pareto chart (Fig. 4b) also identifies that F}, and
Th, are relevant to the system. The main effects plot (Fig. 4c) reveals a significant increase
in Q along with the increase in both Fj, and T}, while the increase in F is not as significant.
The interaction plot (Fig. 4d) shows F. * Fj, as the significant interaction compared to the
other two-way interactions.
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Fig. 4. Analysis of Q. (a) Normal probability plot of the effects. (b) Pareto chart of the effects. (c)
Main effects plot. (d) Interaction effects plot.

3.1.4. Analysis of U

The analysis of U (Appendix A. Table A.8) shows that the most significant parameter is F,
with a P value of 0.01 (Table 6). The succeeding relevant parameter is Fj, with a P of 0.02,
followed by F, * F,, (P is 0.03) (Table 6). The Ty, is included in the final model because
its removal drastically reduces the adjusted R? value from 91.30 % to 74.31 %. The model
thus provides a satisfactory result of R? = 96.27 % and adjusted-R? = 91.30 %, with the
regression line representing almost all of the data (Table 8).

The normal probability plot U in Fig. 5a demonstrates that F. , F, and the interaction
term F, * Fj, are significant factors influencing the response. They have a positive impact
on the output. The Pareto chart in Fig. 5b also shows that F, , F;, and F, * F}, are the crucial
terms. The main effects plot of U (Fig. 5¢) shows that U increases significantly with an
increase in both F, and Fj,, while the rise of T}, is the least significant. The interaction
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effects plot in Fig. 5d reveals that the interaction F, * Fj, is significant compared to the terms
F, * Ty, and Fp,* Tyq.
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Fig. 5. Analysis of U. (a)Normal probability plot of the effects. (b) Pareto chart of the effects. (c) Main
effects plot. (d) Interaction effects plot.

3.2. Final regression models and residual analysis
The final mathematical models of the responses LMTD, €, Q and U are formulated [Eq. (7)

- (10)] with significant factors and respective regression coefficients (Table 5).
LMTD = 18.61 + 0.23F, + 2.52 F;, + 4.78 Ty; + 0.42 F.F, + 0.62 F, Ty,  (7)

€=0.57 — 0.01F, — 0.15 F,, + 0.02 Ty — 0.03 F.F, , )
Q = 1881.30 + 327.60 F, + 761.50 F), + 547.70 Ty, + 279.30 F.F,, , 9)
U = 3480.00 + 876.60 F, + 800 F), + 493.20 Ty, + 697.70 F.Fy , (10)

Using the regression models [Egs. (7)-(10)], the predicted responses are calculated
(Table 7). The R? and adjusted-R? obtained due to regression of the responses (Table 8),
signify good fit of the experimental data with the statistically developed regression models
[21]. The R? for the responses explain the precision of the linear models [Egs. (3)-(6)].
However, as the sensitivity of R? increases with increase in number of independent terms
and from ANOVA as the insignificant model input factors are dropped, adjusted-R? value
validates the model adequacy. This corrected R? value, which is slightly less than R2
represents the exact number of significant input parameters in the models [22]. For a model
to indicate good fit, the value of R? and adjusted-R? should be more than 80 % [23-25].
Consequently, in the present investigation, the values of adjusted-R? for the multiple
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responses were above 80 % (Table 8), indicating adequate fit of the behavior of the
responses with the statistical models.

Table 7. Observed and predicted values of the multiple responses.

Full Factorial Design of Responses of Full Factorial DOE
experiments Observed Predicted
SN Run F. Fy Tw |[LMTD € Q 6] LMTD € Q U
Order (L/h) (L/h) (°C) (°C) W)  W/mK) | (°C) (W) (W/m?K)

1 8 50 50 48.10 |11.94 0.71 616.84 2055.54 (1437 048 523.79 2007.90
2 4 250 50 48.10 |11.91 0.73 78225 2612.44 (1401 051 62039 2365.70
3 2 50 250  48.10 |15.65 038 1730.08 1730.08 |17.35 0.24 1488.19 2212.50
4 5 250 250 48.10 [15.81 038 220524 5549.17 [18.64 0.15 2701.99 5361.10
5 7 50 50 66.00 [20.61 0.70 15263  2946.61 (18.18 0.93 1619.21 2994.30
6 3 250 50 66.00 (1991 0.75 155391 3105.38 [17.81 097 171581 3352.10
7 6 50 250  66.00 2531 0.56  2341.89 3681.58 P3.61 0.70 2583.61 3198.90
8 1 250 250 66.00 27.74 0.37 429425 6159.44 P491 0.60 3797.41 6347.50

Table 8. R? and adjusted-R? values for model validation.

Responses R? (%) Adjusted-R? (%)
LMTD 99.42 97.96
€ 93.46 84.74
Q 95.04 82.66
U 96.27 91.30

3.2.1. Residual analysis

The normal probability plot of residuals of LMTD, €, Q and U (Appendix A. Fig. A.1 (a-
d)), respectively reveal that the errors are almost normally distributed in the experiment.
The scatter plots of the responses (Appendix A. Fig. A.2 (a-d)) do not show any specific
pattern that indicates constant variance of the residuals. The errors between the predicted
and experimental heat transfer performance outputs are independent and follow a normal
distribution. Based on the residual analysis, it can be concluded that the optimized models
fit the observed data of heat transfer responses sufficiently at a 5 % level of significance.

3.3. Optimized factors

Table 9 shows the optimized input factors A, B, C set at high level for the heat transfer
responses LMTD, Q and U. Whereas Table 10 shows the optimized factors for &, indicating
optimum values of factors A and B at lower rates and factor C at higher value. It has been
observed that the dynamics of LMTD, Q and U increase with an increase in F,, F;, and Ty;.
Hence, the heat exchanger should be operated at higher level of the input parameters, i.e.,
fluid flow rates at 250 L/h with T}, at 66 °C to maximize the outputs LMTD, Q and U. The
effect of € decreases with an increase in F, and F}, , and it increases with an increase in Tp; .
To optimize €, the heat exchanger should operate at the lower flow rates, which is 50 L/h,
with Ty, at 66 °C.
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Table 9. Optimized input parameters fo LMTD, Q and U.

Factors Process parameter Optimum setting  Optimized values

Factor A F. High 250 L/h
Factor B Fj High 250 L/h
Factor C  Th High 66 °C

Table 10. Optimized input parameters with € as the response.

Factors Process parameter  Optimum setting  Optimized values

Factor A F. Low 50L/h
Factor B Fj Low 50L/h
Factor C  Th High 66 °C

By using the full factorial DOE optimization technique, process parameters optimized
from the Lg orthogonal array assessment are used to achieve the most favorable heat transfer
responses (Appendix A. Table A.9).

4. Conclusion

This work statistically analyses the heat transfer performance dynamics of a single pass
shell and tube heat exchanger based on the complete factorial DOE approach.

The effects of hot and cold fluids’ flow rates and inlet temperature of the hot fluid on
LMTD, U, Q and € are statistically observed. The impacts of factor interactions on the
output responses are also analyzed. The significance of the parameters is quantified in terms
of p-values obtained from ANOVA. The graphical analysis of normal probability and Pareto
is performed to qualitatively illustrate the parameters' significance. The process parameters
F), and Ty, have a higher impact on LMTD and Q, whereas F, and F}, are the vital parameters
that influence U, and F}, is the most dominant factor in the optimization of €. The interaction
F. * F,, significantly impacts Q, U and €. The effect of the interaction F. * T,; is noticeable
on the response €. However, the interaction terms have negligible significance on LMTD.
In case of LMTD, Q and U, the fluid flow rates are optimized at 250 L/h, with Ty, at 66 °C.
Whereas for €, the optimized values of fluid flow rates are 50 L/h each with Tj; at the same
value. The statistically developed predictor models with full factorial DOE at 5% level of
significance resulted in maximization of LMTD at 24.91°C, Q at 3797.41 W and U at
6347.50 W/m? K, and optimization of € at 0.93 achieved at the optimized values of the input
variables. The model validation with adjusted-R? was found to be greater than 80%
indicating close proximity of the observed with the predicted responses. Residual analysis
of the error between the predicted and observed responses reveals that the errors follow a
normal distribution and are independent, signifying adequate fit of the models with the
experimental data.
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Appendix A.

The detailed analysis of full factorial DOE is presented in the Appendix. The equations
pertaining to various calculations related to the heat transfer responses are provided. The
preliminary estimation of effects and coefficients of the input parameters with various
analyses leading to final estimation, which are part of the ANOVA, are documented here.
Various graphical analysis associated with model validation are also covered. The
supplementary also provides the optimized responses obtained from the predicted models.
All the analysis involved in the work is carried out in the MINITAB.

A.1. Governing equations

Various governing equations are used in the calculation of the heat transfer performance
responses of the shell and tube heat exchanger. The LMTD for counter flow arrangement
of the heat exchanger is calculated using (A.1)
LMTD = ‘El“;;‘fz

nE)
where, ATy = Tp1 —Tepand AT, = Ty, —Teq,s
and Ty ;= inlet temperature of hot fluid, T}, ,= outlet temperature of hot fluid, T, ; = inlet
temperature of cold fluid, T, ,= outlet temperature of cold fluid.
The mass flow rate of hot water (my,) is calculated using (A.2)

(A.1),

m, = —nXen (A.2)
k™ 3600X 1000 :
The mass flow rate of cold water (m,) is calculated using (A.3)
me= P (A3)
¢ 3600 X 1000 ’

where, F, and F. are the flow rates in L/h of hot and cold water, respectively. pj is the
density of hot water at Tj, and T}, is given by (A.4)

T, = MRz (A4)
pe is the density of cold water at T, and T, is given by (A.5)

T, = a2 (A.5)
The heat transfer rate from the cold fluid is calculated using (A.6)

Qc = mcCpe(Tez = Te) (A.6),

where, C). is the specific heat capacity of cold fluid.
The heat transfer rate from the hot fluid is calculated using (A.7)

Qn = mpCpp(Tpy — Th2) (A7),
where, Cpy is the specific heat capacity of hot fluid.
In ideal cases, the heat transfer rates Q. and Qj, are equal, whereas in non-ideal cases, the
average of Q. and @Q,, is calculated to determine the overall heat transfer rate. Thus, the
overall heat transfer rate Q is obtained using (A.8),

Q= @ (A.8)
Again, Q expressed in terms of LMTD using (A.9),
Q = UA(4T,,) (A9),

where (4Tm) is the LMTD determined using (A.1), A is the area of the heat exchanger and
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is calculated as A = mD,L. Thus, the overall heat transfer coefficient can be determined
using (A.10)

U=-2 (A.10)
AAT,

The ¢ of the heat exchanger is defined as,
actual heat transfer rate

€= (A.11)

" Maximum possible heat transfer rate

Mathematically, € = (A.12)
Determining Q using (A.9) and Q,,,4, by (A.13), € is calculated using (A.14)
Qmax = min(Th,l - Tc,l) (A13)
Therefore, € is calculated as
_ Cph(Th,l_Th,z) _ Cpc(Tc,z_Tc,l) (A 14)

B Cmin(Th.l_Tc,l) B Cmin(Th,l_Tc,l)
A.2. Supplementary tables

The ground work of ANOVA that estimated the effects of all the independent variables and
their corresponding coefficients are represented in Tables A.1-A.4. Since there is no p-value
provided in the estimated values in this preliminary investigation, the significant effects of
the factors are not known. Sparsity of effects principle [3,5,14] is applied and three-way
interaction terms are dropped from the models. Variance analyses at 5% level of
significance for the remaining independent factors are carried out and regression models
are developed. Tables A.5-A.8 show the estimated effects of the input variables with their
corresponding coefficients and p-values.

Table A.l1. Factorial Fit: LMTD Vs Input
Parameters: Effects and Coefficients.

Table A.2. Factorial Fit: £ Vs Input
Parameters: Effects and Coefficients

Term Effect Coefficient Term Effect  Coefficient
Constant 18.61 Constant 0.57
F. 0.46 0.23 F. -0.03 -0.02
Fy 5.03 2.52 Fy -0.30 -0.15
Tha 9.56 4.78 Tha 0.05 0.02
E *Fy, 0.83 0.42 F. « Fy -0.06 -0.03
F. *Thy 0.40 0.20 F.o«Th -0.04 -0.02
Fy * Tyy 1.23 0.62 Fy % Thy 0.04 0.02
E*Fp* Tpy 0.74 0.37 Fow Fp# Tpy -0.06 -0.03
Table A.3: Factorial Fit: Q Vs Input Table A.4: Factorial Fit: U Vs Input
Parameters: Effects and Coefficients Parameters: Effects and Coefficients
Term Effect Coefficient Term Effect Coefficient
Constant 1881.30 Constant 3480.00
F. 655.10 327.60 £, 1753.20 876.60
Fp 1523.00 761.50 Fy 1600.10 800.00
Thy 1095.50 547.70 Tha 986.40 493.20
E. * Fy, 558.60 279.30 E. * F, 1395.30 697.70
F, *Thy 334.80 167.40 F, *Thy -434.80 217.40
Fpp * Thy 254.90 127.50 Fip * Thy 294.40 147.20
E*Fyy  Thy 403.80 201.90 E*Fy, % Tpy -235.80 -117.90
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Table A.5: ANOVA for LMTD (final model)

Term Effect Coefficient SE T P
Constant 18.61 0.30 62.98 0.00
F, 0.46 0.23 0.30 0.79 0.51
Fp 5.03 2.52 0.30 8.52 0.01
Tha 9.56 4.78 0.30 16.18 0.00
F. *F, 0.83 0.42 0.30 1.40 0.30
Fp, * Tpy 1.23 0.62 0.30 2.08 0.17
S=0.84 R?=99.42% R? (adj) = 97.96%

Table A.6: ANOVA for ¢ (final model)

Term Effect Coefficient SE T P
Constant 0.57 0.30 24.02 0.00
E, -0.03 -0.02 0.20 -0.62 0.60
F, -0.30 -0.15 0.20 -6.31 0.01
Tha 0.05 0.02 0.20 0.96 0.41
F. % Fy -0.07 -0.03 0.20 -1.34 0.27
S=0.07 R?=93.46% R? (adj) = 84.74%

Table A.7: ANOVA for Q (final model)

Term Effect Coeff SE T P
Constant 1881.30  168.40 11.17 0.00
F, 655.10 327.60 168.40 1.95 0.15
Fp, 1523.00 761.50 168.40 4.52 0.02
Tha 1095.50 547.70  168.40 3.25 0.05
F. *F, 558.60 279.30  168.40 1.66 0.20
S=477.50 R?=95.04% R? (adj) = 82.66%

Table A.8: ANOVA for U (final model)

Term Effect Coeff SE T P
Constant 3480.00 166.20 20.94 0.00
E. 175320  876.60 166.20 527 0.01
F, 1600.10  800.00 166.20 4.81 0.02
Thy 986.40  493.20 166.20 2.97 0.06
F. o« Fy 139530  697.70 166.20 4.20 0.03
S =470.02 R?=96.27% R? (adj) = 91.30%

A.3. Supplementary figures

The regression models Egs. (7) to (10) obtained are validated by residual analysis. Figs.
A.1 (a-d) and A.2 (a-d) illustrate the normal probability and scatter plots of errors associated
with the predicted response parameters.
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Fig.A.2 (a-d). Scatter plots of error variances

A 4. Calculation of optimal heat transfer responses

Using the optimized values of the independent variables (from Tables 9 and 10), the optimal
heat transfer responses namely LMTD, ¢, Q and U are obtained (shown in Table A.9).



B. Chowdhury et al., J. Sci. Res. 18 (1), 11-28 (2026) 27

Table A.9: Optimal responses of the predictors

Optimal Responses

LMTD QW) U E
(°C) (W/m?K)
2491 3797.41 6347.5 0.93
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