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Abstract 
The case study is about obtaining the flow rate and saturation temperature of 
steam that makes it possible to heat a solution of water and ammonia nitrate 
(ANSOL) in a shell and helical coil tube heat exchanger, within a time inter-
val, without that the crystallization of the ANSOL solution occurs. The de-
sired production per batch of the solution is 5750 kg in 80 minutes. The anal-
ysis uses the concepts of efficiency and effectiveness to determine the heat 
transfer rate and temperature profiles that satisfy the imposed condition 
within a certain degree of safety and with the lowest possible cost in steam 
generation. Intermediate quantities necessary to reach the objective are the 
Reynolds number, Nusselt number, and global heat transfer coefficient for 
the shell and helical coil tube heat exchanger. Initially, the water is heated for 
a specified period and, subsequently, the ammonium nitrate is added to a 
given flow in a fixed mass flow rate. 
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1. Introduction 

The work’s objective is to determine the heat transfer rate and temperature pro-
files necessary to heat a water and ammonium nitrate solution in a shell and hel-
ical coil tube heat exchanger without the solution’s crystallization.  
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It is about applying the efficiency and effectiveness method to determine the 
shell and helical coil tube heat exchanger thermal performance. The method of 
efficiency and effectiveness can be developed from the pioneering works of 
Adrian Bejan [1], during the 70s and 80s, related to the minimization of entropy 
in mechanical systems. In the late 1990s and early 2000 decade, Ahmad Fakheri 
[2] developed and applied the theory of efficiency and effectiveness to problems 
related to heat exchangers and viscous dissipation in different flows. Despite the 
simplicity of the model developed by Ahmad Fakheri, the Effectiveness Model 
(ε-NUT) is still the most used for the thermal performance of heat exchangers. 
Élcio Nogueira [3] [4] has applied the efficiency and effectiveness method and 
has obtained promising results. These results are why the efficiency and effec-
tiveness method is used in a relatively complex and without similar problem in 
the open literature in this work.  

In the following paragraphs, a review of the literature related to the following 
topics is presented: solution methods for determining the thermal performance 
of heat exchangers, applications related to shell and helical coil tube heat ex-
changers, and the properties of ammonium nitrate (AN). 

Adrian Bejan [1] analyzes the thermodynamic irreversibility in mechanical 
and thermal devices based on minimizing entropy generation. The study focuses 
on the mechanisms responsible for the generation of heat entropy. It analyzes, 
among others, applications related to the areas of heat exchangers and thermal 
energy storage. The article presents a comprehensive review of works related to 
heat and mass transfer. The fundamental idea presented in the review carried 
out is that if a component’s irreversibility is minimized, the reduction impacts 
the entire system. 

Ahmad Fakheri [2] presents a solution for defining thermal efficiency for heat 
exchangers based on the works done by Adrian Bejan. It is shown that for each 
actual heat exchanger, there is an ideal counterflow heat exchanger associated 
with it. The ideal heat exchanger transfers the maximum amount of heat and 
generates a minimum amount of entropy, making it the most efficient. The heat 
exchanger’s efficiency is equal to the actual heat transfer ratio about optimal heat 
transfer. The expressions of efficiency for a heat exchanger, presented by Aha-
mad, are similar to a fin’s efficiency, with a single non-dimensional parameter 
defined by Fa. Ahmad Fakheri says that the concept of efficiency based on ther-
modynamics’ second law provides a new perspective for analyzing heat exchang-
ers. The algebraic form for determining efficiency depends on a single dimen-
sionless parameter and eliminates the need for complex graphs or equations.  

Élcio Nogueira [3] [4] [5] uses the concepts of efficiency and effectiveness to 
analyze problems related to heat exchangers. The first of the works [3] analyze 
the influence of the number of passes in a shell and tube condenser heat ex-
changer. Water-based nanofluid, with a fraction of aluminum oxide (Al2O3) na-
noparticles, circulates in the tubes. The parameters used to analyze the thermal 
performance of the heat exchanger are efficiency and effectiveness. The second 
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work [4] aims to determine the best configuration for a shell and tube heat ex-
changer for water cooling, with volumetric fractions of copper oxide (CuO) con-
sidered a parameter. The concepts of efficiency, effectiveness, and irreversibility 
determine the heat exchanger’s thermal performance. The effectiveness method 
(ε-NTU) [5] is applied in a radiator with multi-louvered flat-tube fins, with na-
nofluid as the working fluid. The nanofluid is composed of a suspension of silver 
nanoparticles in ethylene glycol. It has been shown that it is possible, using na-
nofluid, to reduce costs and storage space of the refrigerant. 

Ashkan Alimoradi [6] performs calculations of heat transfer and entropy gen-
eration in forced convection in shell and helical tube heat exchangers. He ana-
lyzes the effect of the exchanger’s geometric parameters such as tube diameter, 
coil diameter, shell diameter, coil height, shell height, and pitch on the heat 
transfer rate and entropy generation. Obtain critical values for the parameters so 
that the heat transfer coefficient can be maximized, and the entropy generation 
rate minimized. The importance of dimensionless geometrical parameters, which 
are desired in the design process, was demonstrated. 

T. Srinivas, A. Venu Vinod [7] present studies on an agitated shell and helical 
coil heat exchanger using CuO/water nanofluid. Experiments have been carried 
out at various CuO nanoparticle concentrations in water, stirrer speeds, and 
shell-side fluid temperatures. Water has been used as the coil-side fluid at dif-
ferent values of the Dean number. Enhancement in heat transfer has been re-
ported in terms of heat transfer rate. They concluded that the nanofluid has 
more effect on heat transfer compared to stirrer speed and shell-side tempera-
ture. 

Ashkan Alimoradi and Farzad Veysi [8] investigate heat transfer in shell and 
helical tube heat exchangers. Numerical and experimental methods were used to 
examine the effect of the properties of fluids and geometric parameters in the 
Nusselt number. The thermal conductivity was considered dependent on the 
temperature in the numerical analysis. Two correlations were developed to pre-
dict Nusselt numbers on the side of the shell and the Coil side. The research 
covered a wide range of Reynolds and Prandtl numbers. There was good agree-
ment with the experimental data. 

M. R. Salimpour [9] investigated experimentally the heat transfer coefficients 
of shell and helically coiled tube heat exchangers with different coil pitches. 
Correlations were proposed for shell-side and tube-side, and the calculated heat 
transfer coefficients were compared to the existing correlations, and a reasonable 
agreement was observed. 

Yamini Y. Pawar et al. [10] experimentally investigate the effect of different 
coils’ geometric shapes on convection heat transfer in coil tube heat exchangers, 
helical, conical, and spiral types. The analysis shows that the convective heat 
transfer rate of the helical coil tube heat exchanger is 9.54% higher than the oth-
er two geometries. Also, the helical coil heat exchanger is more efficient. The re-
sults demonstrate agreement between experimental values and values obtained 
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using a computational tool (CFD). 
R. Smusz [11] presents a study of heat transfer for the finned tube coil heat 

exchanger. A double-wall heat exchanger coil, located at the bottom head of the 
tank, is filled by freon. Correlations for heat transfer coefficients in curved tubes 
were applied. Analytical calculations and experimental studies of heat transfer 
characteristics for coil heat exchangers were performed. 

Juanping Wang et al. [12] use a numerical method to analyze the effect of the 
mass flow rate on the loss of exergy in a finned helical coil tube heat exchanger. 
Hot water flows on the Coil side with a temperature of 70˚C and speeds equal to 
1 m/s, while cold, dry air with a temperature of 10˚C flows through the hull with 
speeds equal to 1 m/s and 4 m/s. The Nusselt number on the shell side and the 
friction factor on the coil side are compared with the experimental correlations. 
It was found that the loss of exergy is equal to 23.4% of the heat transfer rate. 

P. J. Fule et al. [13] present a heat transfer enhancement study using wa-
ter-based CuO nanofluids in a helical coil heat exchanger. They investigated the 
heat transfer coefficient and Nusselt number and it has been found that the in-
crease in the loading of CuO nanoparticles shows a significant enhancement in 
the heat transfer coefficient, between 37.3% and 77.7%. 

Abhishek Nilay et al. [14] present a simulation of a helically coiled heat ex-
changer. The diameter coil, heat transfer rate, heat transfer coefficient, and Nus-
selt number have been analyzed. It has been found out that temperature drop 
decreases with a decrease in the coil diameter and an increase in mass flow rate, 
whereas the heat transfer rate increases with an increase in coil diameter and 
mass flow rate. 

M. R. Salem et al. [15] present an experimental investigation of the heat transfer 
in horizontal shell and coil heat exchangers and the friction factor for fully de-
veloped flow. The tests were performed for Al2O3 with an average size of 40 nm 
and particle volume concentration from 0% to 2%. Results illustrated that NUT 
is higher than those of pure water at the same flow condition. Results showed 
that NUT increase by increasing the coil curvature ratio. Also, correlations for 
NUT are obtained. 

Amitkumar et al. [16] claim helical coil heat exchangers can provide a high 
heat transfer coefficient. They evaluate the thermal performance of a counter-
flow helical coil heat exchanger. They consider cold water flow, hot water flow, 
temperature, efficiency, and global heat transfer coefficient. 

Hamid Abdi et al. [17] perform a comparative numerical study and analyze 
the heat transfer performance in the laminar regime of nanofluid composed of 
water and aluminum oxide (Al2O3) in spiral and helical tubes. They use finite 
elements as a tool for solving the equations that govern fluid flow. They deter-
mine which tube in helical configuration allows more significant heat transfer 
compared to straight tubes. Although the helical tube has better heat transfer 
performance, the pressure drop is more significant. 

Ammonium nitrate (AN) is widely used in fertilizer industry. However, AN is 
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associated with explosives, which can detonate under certain conditions. Zhe 
Han [18] presents a dissertation to understand the fundamental causes asso-
ciated with AN explosion and make storage safer by studying thermal stability. 
The research developed focuses on the decomposition of AN depending on the 
condition, including additives and heating rate. Also, the paper discusses the role 
of water as a chemical, interfering physically and chemically in fire scenarios re-
lated to AN. The study demonstrated that AN is stable up to approximately 
200˚C. The work reflects the complexity and care needed to make AN more se-
cure. Also, the study carried out can serve as a model for several other reactive 
chemicals. 

Spacing and type styles are built-in; examples of the type styles are provided 
throughout this document and are identified in italic type, within parentheses, 
following the example. Some components, such as multi-leveled equations, graph-
ics, and tables are not prescribed, although the various table text styles are pro-
vided. The formatter will need to create these components, incorporating the 
applicable criteria that follow. 

2. Methodology  

The desired production per batch of the solution (ANSOL) is 5750 kg in 80 mi-
nutes. For five minutes, 1150 kg of water enters the shell at a temperature of 
30˚C. The mass of water is heated for ten minutes. After heating the water, 4600 
kg of nitrate is inserted at a mass flow rate equal to 1.394 kg/s for fifty-five mi-
nutes. The maximum flow rate of steam available to heat the solution is equal to 
800 kg/h, and the steam’s maximum saturation pressure is equal 361.30 kPa 
(140˚C). The heat exchanger consists of a shell with an internal diameter of 2.2 
meters and a height of 1.932 meters. There are two rows of coils with an internal 
diameter of 54.79 mm and a height of 1.6 meters, with ten volutes. Each volute’s 
length is 5.65 meters, and the total length for heat exchange is 113 meters. There 
are two agitators with a 53 mm diameter propeller each and a stirring speed of 
130 rpm. The shell is covered with thermal Rockwool insulation, and the loss of 
heat to the environment is considered insignificant. 

In this sub-item, we detail the mathematical and physical formulation to ana-
lyze the heat exchanger’s configuration. 

The problem solution begins with the stipulation of a steam fraction, a given 
steam saturation temperature, and one of the steam’s possible mass flow rates. 

The water mass 
2H OM  enters the tank for the first five minutes at a tempera-

ture of 20˚C. During these five minutes, there is no heating of the water. After 
entering the entire mass of water, the process of heating the compound begins. 
During the next ten minutes, the water heats up, and its final temperature in this 
time interval depends on the saturation temperature ( satVT ), the steam fraction 
considered (X), and the fraction of the coil area ( TransfA ) occupied by the water 
in the shell. 

4600 kgANbatchM =                          (1) 
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2H O 1150 kgM =                         (2) 

2H O 5750 kgTotbach ANbatchM M M= + =                (3) 

( )0.05479 m; Schedule 10 54.79 mmDdi =             (4) 

0.06030 mDdo =                         (5) 

Ddi and Ddo are the inner and outer diameters of the Coil, respectively. 
Was considered variations in the steam fraction (X), saturation temperature 

( SatVT ), and mass flow rate of the steam ( Vm� ). The steam fraction suffered vari-
ations from 0.0 to 1.0. The saturation temperature was considered equal to 
100˚C, 120˚C, and 130˚C for analysis. The steam’s mass flow rate varies between 
the two extremes (300 kg/hr and 800 kg/hr). 

Figure 1 presents an overview of the shell and arrangement of the rows of coils 
with agitators. Figure 2 shows a schematic view of the dimensions of one helical 
coil tube heat exchanger without agitators. 
 

 
Figure 1. Overview of the shell, coils, and agitators. 

 

 
Figure 2. Schematic view of the dimensions of the one helical coil 
tube heat exchanger Adapted from [6]. 

https://doi.org/10.4236/msce.2021.96003


É. Nogueira 
 

 

DOI: 10.4236/msce.2021.96003 30 Journal of Materials Science and Chemical Engineering 
 

During the heating of the water, do it: 

2H OANSOLM M=                           (6) 

After the heating of the water, do it: 

3300 kg sANRate ANbatchMΦ =                     (7) 

2H O after heat waterANSOL ANRateM t M= Φ ∗ +               (8) 

( )AN ANRate ANBatcht M∅ = Φ ∗                    (9) 

AN∅  is the fraction f ANintime; t is the time in seconds. 

( )20.0001 C8 m WfR ⋅= ˚                    (10) 

fR  is he fouling factor. 

0.53 mLA =                          (11) 

LA  is the agitator diameter. 

130 rpmRevN =                         (12) 

RevN  is the maximum value for agitator. 

7013ExpN =                          (13) 

2 0.5414A =                          (14) 

0.1415MM =                         (15) 

ExpN , 2A  and MM  are experimental parameters associated with the cal-
culation of Reynolds and Nusselt numbers for ANSOL. 

SteelDel Ddo Ddi= −                      (16) 

SteelDel  is the steel tube thickness. 

( )50 W m CSteelk = ⋅̊                      (17) 

Steelk  is the thermal conductivity of steel. 

5 2 7 3

0.02236703337 0.002632754283

5.609709888 10 4.084316356 10
SatV SatV

SatV SatV

P T

T T− −

= − + ∗

− ∗ ∗ + ∗ ∗
    (18) 

610SatV SatVP P ∗=                       (19) 

SatVP  is the vapor pressure for a given vapor saturation temperature SatVT . 
2.2 mShed =                         (20) 

Shed  is the shell radius. 
2 24 mShe sheA d∗= π                      (21) 

SheA  is the straight section area of the shell. 

1.932 mSheH =                        (22) 

SheH  is the shell height. 
3mShe She SheV A H∗=                      (23) 

SheV  is the shell volume. 

1.5502 mCoilH =                        (24) 
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CoilH  is the Coil height. 
3mCoil She coilV A H∗=                        (25) 

CoilV  is the volume occupied by Coil. 

( )2 24 mCoilA Ddi= π∗                       (26) 

CoilA  is the straight section area of the Coil. 

5.897 mVoluteL =                          (27) 

Coil VoluteD L= π                          (28) 

CoilD  is the Coil diameter. 

20VoluteN =                            (29) 

mTotCoil Volute VoluteL N L∗=                      (30) 

Troca TotCoilA Ddo L∗ ∗= π                      (31) 

TrocaA  is the heat exchange area. 

0.125 m; providedPitch =                     (32) 

( )CoilPitch Dγ = π∗                       (33) 

γ  is the Pitch ratio. 

( ) ( )2 2 1 1
hShe Sheb Coil Sheb CoilD D D Ddo D D Ddoγ γ− −= − π + π        (34) 

hSheD  is the hydraulic shell diameter [9] [16]. 

CoilDelta Ddi D=                        (35) 

Delta  is the Coil curvature radius. 
5

6 2 8 3

10 4 13 5

15 6 18 7

0.001786336413 5.817305783 10

1.234757763 10 1.714084113 10

1.515721805 10 8.351845995 10

2.759065389 10 4.982793053 10

3.77334

Vl SatV

SatV SatV

SatV SatV

SatV SatV

Visc T

T T

T T

T T

−

− −

− −

− −

= − ∗ ∗

+ ∗ ∗ − ∗ ∗

+ ∗ ∗ − ∗ ∗

+ ∗ ∗ − ∗ ∗

+ 21 80497 10 SatVT−∗ ∗

    (36) 

6 8

11 2

9.140400757 10 2.939469488 10

1.750995661 10
Vv SatV

SatV

Visc T

T

− −

−

= ∗ + ∗ ∗

+ ∗ ∗
        (37) 

( )1. 0V Vv VlVisc X d X Viscµ = ∗ + − ∗                 (38) 

Vµ  is the dynamic vapor viscosity. 

( ) ( )4V V VRe m Ddiµ= π�                      (39) 

VRe  is the Reynolds number for steam. 
2

3 6 4

9 5 11 6

14 7 17 8

13.54579655 0.492833509 0.01090463685

0.0001522784983 1.337432842 10

7.29382169 10 2.384346061 10

4.264567877 10 3.201983283 10

Vl SatV SatV

SatV SatV

SatV SatV

SatV SatV

Pr T T

T T

T T

T T

−

− −

− −

= − ∗ + ∗

− ∗ + ∗ ∗

− ∗ ∗ + ∗ ∗

− ∗ ∗ + ∗ ∗

   (40) 

1.0VvPr =                           (41) 
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( )1. 0V Vv VlPr Pr X d X Pr= ∗ + − ∗                  (42) 

VPr  is the Prandtl number for steam. 

( )( )( )1 62.5
V V CoilDean Re Ddo D=                   (43) 

( )( )1/2 0.833 0.40.023 1 0.061V V Coil V VNu Dean Ddo D Re Pr= +         (44) 

VNu  is the Nusselt number for the steam [19]. 
5 2

8 3 11 4

0.5585441658 0.002336001518 1.466562794 10

3.890051788 10 5.454053006 10
Vl SatV SatV

SatV SatV

k T T

T T

−

− −

= + ∗ − ∗ ∗

+ ∗ ∗ − ∗ ∗
  (45) 

5

7 2 9 3

12 4

0.01727949556 3.076143072 10

7.089894385 10 2.908678135 10

7.06665225 10

Vv SatV

SatV SatV

SatV

K T

T T

T

−

− −

−

= + ∗ ∗

+ ∗ ∗ − ∗ ∗

+ ∗ ∗

      (46) 

( )1. 0V Vv Vlk k X d X k= ∗ + − ∗                     (47) 

( )VC V Vh Nu k Ddi=                         (48) 

VCh  is the steam convection heat transfer coefficient. 

Water Vlk k=                             (49) 

Water VlViscµ =                            (50) 

; Prandtl number for waterWater VlPr Pr=                (51) 
2

3 6 4

6346.4902 51.59537622 0.4513794949

0.001686126745 2.442135123 10
Vl SatV SatV

SatV SatV

Cp T T

T T−

= − ∗ + ∗

− ∗ + ∗ ∗
      (52) 

2

3 6 4

5510.77695 90.07137297 0.8293046313*

0.003196361184 4.833313924 10
Vv SatV SatV

SatV SatV

Cp T T

T T−

= − ∗ +

− ∗ + ∗ ∗
     (53) 

( )1. 0V Vv VlCp Cp X d X Cp= ∗ + − ∗                  (54) 

VCp  is the specific heat of the steam.  

Water VlCp Cp=                          (55) 
26.904741451 3.921624179 0.00165124788Vl SatV SatVh T T= + ∗ + ∗     (56) 

2

5 3

2501.216798 1.793800226 0.0007148096104

1.203406572 10
Vv SatV SatV

SatV

h T T

T−

= + ∗ + ∗

− ∗ ∗
   (57) 

( )1. 0V Vv Vlh h X d X h= ∗ + − ∗                    (58) 

Vh  is the enthalpy of steam. 

lV V Vlh h h= −                           (59) 

( ) 31322 1353 1428 3 1367 kg mANρ = + + =              (60) 

21002.228973 0.1722194782 0.002608298301Water SatV SatVT Tρ = − ∗ − ∗   (61) 

( )1. 0ANSOL AN AN AN Waterdρ ρ ρ= ∗∅ + −∅ ∗              (62) 

( )3 32.24 10 1.98 10 2ANµ − −= ∗ + ∗                 (63) 
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ANµ  is the ammonium nitrate viscosity. 

( )2130 J kg CANCp = ⋅̊                     (64) 

ANCp  is the ammonium nitrate specific heat. 

( )1. 0ANSOL AN AN AN Waterdµ µ µ= ∗∅ + −∅ ∗              (65) 

ANSOLµ  is the solution viscosity. 

( )1. 0ANSOL AN AN AN WaterCp Cp d Cp= ∗∅ + −∅ ∗            (66) 

ANSOLCp  is the solution specific heat. 

( )0.4 W m K ; providedANk = ⋅                  (67) 

( )1. 0ANSOL AN AN AN Waterk K d K= ∗∅ + −∅ ∗              (68) 

( )ANSOL NSOL ANSOL ANSOLk Cpα ρ=                 (69) 

ANSOL ANSOL ANSOLν µ ρ=                     (70) 

ANSOL ANSOL ANSOLPr ν α=                     (71) 

ANSOLPr  is the Prandtl number of the ANSOL. 

( )( )2
ANSOL Rev Exp ANSOL ANSOLRe LA N N ρ µ=             (72) 

ANSOLRe  is the Reynolds number of the ANSOL [20]. 

( )2/3 1/32 MM
ANSOL ANSOL ANSOL ANSOL WaterNu A Re Pr µ µ=            (73) 

ANSOLNu  is the Nusselt number of the ANSOL [20]. 

( )ANSOL ANSOL ANSOL hSheh Nu k D=                   (74) 

ANSOLh  is the ANSOL convection heat transfer coefficient. 

( ) ( )( ) ( )( )1 2 1ANSOL Steel VCUo Ddo Ddi h DdoLn Ddo Ddi k h Rf= + + +   (75) 

Uo  is the global heat transfer coefficient. 

ANSOL ANSOL ANSOLV M ρ=                      (76) 

Vol ANSOL CoilFr V V=                        (77) 

VolFr  is the volume fraction of the ANSOL. 

V V VC m Cp= ∗�                          (78) 

VC  is the thermal capacity of the steam. 

ANSOL ANSOL ANSOLC m Cp∗= �                     (79) 

ANSOLC  is the thermal capacity of the ANSOL. 

Min MaxC C C∗ =                         (80) 

Transf Troca VolA A Fr∗=                       (81) 

TransfA  is actual heat transfer area. 
321000 J sAN ANRateheat = ∗Φ                   (83) 

ANheat  is the dissolution energy of AN. 

( )Transf MinNTU A Uo C=                     (84) 
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NTU  is the number of thermal units associated with the ANSOL. 

( ) 22 1Fa NTU C∗= +                      (85) 

( )T Tanh Fa Faη =                       (86) 

Tη  is the thermal efficiency associated with the heat exchange process [1,2]. 

( ) ( )( )1 1 1 1T T NTU Cε η ∗= + −                  (87) 

Tε  is the thermal effectiveness associated with the heat exchange process 
[1,2]. 

( )( ) ( ) ( )( )0 1 1 2 ; for waterActual SatV Min T AstQ T T C NTU Cη= − + +�    (88) 

( )( ) ( ) ( )( )0 1 1 2 ; for ANActual SatV Min T Ast ANQ T T C NTU C heatη= − + + −�  (89) 

ActualQ�  is the heat exchange energy per unit of time (J/s) [1,2]. 

( )0ANSOL Actual ANSOLT T Q C= + �                   (90) 

After heating the water, do it: 

0 ANSOLT T=                           (91) 

ANSOLT  is the temperature of the ANSOL over time: 
t = 4200 second                       (92) 

To calculate the temperature over time, do it: 

01 SatVT T T∆ = −                         (93) 

2 SatV ANSOLT T T∆ = −                       (94) 

( ) ( )1 2 1 2LnT T T Ln T T∆ = ∆ −∆ ∆ ∆                (95) 

( ) ( ) 0ANSOL Transf Ln ANSOL ANSOLT A Uo T M Cp t T= ∆ +            (96) 

Summary of the procedure used in the solution:  
The heat exchange process starts after the water enters the shell (5 minutes). 

The water heats up for 10 minutes, with stipulated inputs for the following pa-
rameters: the steam fraction, the saturation temperature, the steam mass flow 
rate, and the water’s mass flow rate. After heating the water, the AN’s mass frac-
tion begins over time and the mixture’s heating for 55 minutes and 0 ANSOLT T=  
finds itself lagging in time.  

3. Results and Discussion 

Figure 3 shows the volume fraction occupied by the aqueous ammonium nitrate 
solution (ANSOL) as a function of time. During the first ten minutes of heating 
the water, the volume fraction remains constant. The addition of ammonium ni-
trate occurs uniformly, with five bags of 920 kg every 10 minutes. With the addi-
tion of ammonium nitrate, at 15 minutes, there is a momentary expansion in 
volume fraction. From this moment on, there is a consistent growth in the vo-
lume fraction occupied by ANSOL. At approximately 65 minutes, the volume 
reaches the volume occupied by the Coil and then remains constant until the 
addition, at seventy minutes of ammonium nitrate. 

https://doi.org/10.4236/msce.2021.96003


É. Nogueira 
 

 

DOI: 10.4236/msce.2021.96003 35 Journal of Materials Science and Chemical Engineering 
 

 
Figure 3. Volume occupied by ANSOL versus time. 
 

Figure 4 shows the heat transfer area as a function of time. The heat transfer 
area remains constant during the heating of the water. At 15 minutes, there is an 
expansion of the area occupied by the solution (ANSOL). Then there is a conti-
nuous growth in the heat exchange area, as ammonium nitrate is added. At 70 
minutes, all available heat exchange area is occupied by ANSOL. 

The number of Reynolds associated with the solution of water and ammo-
nium nitrate is represented by Figure 5. At the beginning of the addition am-
monium nitrate, the Reynolds number is high due to the lower mass, close to 2.4 
106. At the end of addition ammonium nitrate, with almost all the mass already 
inserted, the Reynolds number approaches 4.0×105. 

The Prandtl number, with saturation temperature as a parameter, is represented 
by Figure 6. The number of Prandtl decreases slightly with the increase in the 
saturation temperature at the beginning of ammonium nitrate addition due to 
greater thermal diffusivity. Over time, when the mass of ammonium nitrate is 
high, the number of Prandtl tends to approach 11 and is independent of the sa-
turation temperature. In this last situation, mass transport diffusivity prevails 
about thermal diffusivity. The Nusselt number increases with time, and with the 
saturation temperature, due to the higher viscosity of ANSOL about water (Figure 
7). 
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Figure 4. Heat transfer area versus time. 

 

 
Figure 5. Reynolds number of the solution versus ammonium nitrate fraction. 
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Figure 6. Prandtl number versus time with saturation temperature as a parameter. 
 

 
Figure 7. Nusselt number versus time with saturation temperature as a parameter. 
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The global heat transfer coefficient, with the steam saturation temperature as 
a parameter, is represented by Figure 8 and Figure 9, with steam flow rates 
equal to 300 kg/hr and 400 kg/hr, respectively, and steam fractions equal to 0.0 
and 1.0. The overall heat transfer coefficient increases with steam’s mass flow 
rate, with the saturation temperature, and with the decrease in the vapor frac-
tion. The overriding factor in determining the overall heat transfer coefficient is 
the convection coefficient in steam. As steam has less thermal diffusivity than 
water, the overall heat transfer coefficient is higher for smaller steam fractions. 

The thermal efficiency of the heating and mixing process of ANSOL is shown 
through Figure 10 and Figure 11. The highest efficiency corresponds to the 
fraction of steam equal to 1.0 (dry saturated steam) and the lowest saturation 
temperature analyzed (100˚C). It should be noted that greater thermal efficiency 
means less energy exchange in the form of heat, or minor generation of entropy. 
The results obtained are in concordance with the global heat transfer coefficient 
values determined and presented through Figure 8 and Figure 9. There is a 
slight difference between the thermal efficiencies obtained for mass flow rates of 
steam equal to 300 kg/hr and 400 kg/hr, with the highest value obtained for the 
latter flow rate, where energy in the form of heat is better used, as it is ab-
sorbed to heat a greater mass of ANSOL. This higher value is justified because  
 

 
Figure 8. Overall heat transfer coefficient versus time with saturation temperature as a 
parameter ( 300 kg hrVm =� ). 
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Figure 9. Overall heat transfer coefficient versus time with saturation tempera-
ture as a parameter ( 400 kg hrVm =� ). 

 

 
Figure 10. Efficiency versus time with saturation temperature as a parameter. 
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Figure 11. Efficiency versus time with saturation temperature as a parameter. 
 
the efficiency depends on the steam’s thermal capacity, or more precisely, on the 
ratio between the thermal capacities of the ANSOL and the steam. 

The thermal effectiveness of the heating and mixing process of ANSOL is 
shown through Figure 12 and Figure 13. There is no significant variation for 
effectiveness concerning the analyzed parameters. A relevant fact occurs when 
the water is being heated about the progressive introduction of ammonium ni-
trate. It can be seen that the effectiveness is slightly higher for dry saturated 
steam during heating of the water but decreases, in this case, with the addition of 
ammonium nitrate. The most relevant parameter in determining effectiveness 
during the addition of ammonium nitrate is the relationship between the ther-
mal capacities of ANSOL and steam ( C∗ ). 

The most essential and definitive results obtained in this work are presented 
through Figure 14 and Figure 15, where the temperature profiles of ANSOL are 
shown over the solution’s heating time. It is important to note that a batch of 
ANSOL has a duration of 80 minutes; that is, there are 10 minutes for the solu-
tion to be poured out of the tank to start a new batch. During the entire process, 
the temperature of ANSOL cannot be lower or equal to the crystallization tem-
perature since this can compromise the whole procedure. Also, loss of the heat 
exchanger may occur. 

Figure 14 shows a vapor saturation temperature equal to 120˚C, and its  
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Figure 12. Effectiveness versus time with saturation temperature as a parameter. 
 

 
Figure 13. Effectiveness versus time with saturation temperature as a parameter. 
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Figure 14. Temperature of the ANSOL versus time. 

 

 
Figure 15. Temperature of the ANSOL versus time. 
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corresponding saturation pressure is equal to 198.53 kPa. The steam’s mass flow 
rate ranges from 300 kg/hr to 400 kg/hr, and the steam fraction between 0.0 
(subcooled liquid) to 1.0 (dry saturated steam). As expected, depending on the 
values of the global heat transfer coefficient and efficiency already analyzed, the 
mixture’s temperature is higher when the vapor is close to the point of a sub-
cooled liquid (X = 0.0), that is, when the heat exchange is higher. A similar situ-
ation occurs in Figure 15, where the saturation temperature is equal to 130˚C, 
and the saturation pressure is equal to 270.10 kPa. However, for the saturation 
temperature equal to 130˚C, the temperature of the ANSOL, in time, is signifi-
cantly higher. 

4. Conclusions 

The results obtained from the analysis demonstrate that the most favorable and 
safe situation for the heating process of ANSOL is when 400 kg/hr of steam is 
used, and a saturation temperature is equal to 130˚C. In this situation, when the 
vapor fraction is between 0.0 and 1.0, the temperature of the ANSOL is signifi-
cantly higher than the crystallization temperature of the mixture, allowing the 
necessary time to remove it in the event of a failure of the process control sys-
tem. 

Even more relevant is that the flow rate of 400 kg/hr is well below the maxi-
mum flow rate allowed for the steam and that the saturation pressure is below 
361.30 kPa (140˚C). These values demonstrate an economy in the production of 
steam and that the saturation pressure does not exceed the pressure of the safety 
valve inserted in the control system. 
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