
CHAPTER 5

RESULTS & DISCUSSION
5.1 Results

5.1.1 First case: Dehydrationofnatural£aSbyzeolite molecular sieves
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Figure 5.1 Variations of measured inlet concentrations of water vapor in natural gas
with time (batch l: Adsorption step)
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Figure 5.3 Variations of measured inlet concentrations of water vapor in natural gas

with time (batch 3: Adsorption step)

• Figures 5.1, 5.2 and 5.3 show the variation of inlet concentration of water vapor in
natural gas in three different batches with time, [Tables (11,12 &13) in appendix (A)]
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Figure 5.4 Variations of measured outlet concentrations of water vapor in natural
gas with time (batch 1: Adsorption step)
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Figure 5.5 Variations of measured outlet concentrations of water vapor in natural
gas with time (batch 2: Adsorption step)
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Figure 5.6 Variations of measured outlet concentrations of water vapor in natural
gas with time (batch 3: Adsorption step)

• Figures 5.4, 5.5 and 5.6 show the variation of outlet concentration of water vapor in
natural gas in three different batches with time, [tables (11, 12&13) in appendix (A)].
These figures show that by increasing the time the outlet concentration is increased,
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but the dehydration beds have not reached breakthrough Zone and that is because the
regeneration cycle was started after 48 hours of adsorption step according to the design
criteria of unit.

٠3٠ In all the foregoing Figures 5.1 through 5.5, one can observe the following:

1. The variation of inlet concentration with time in all batches is considerable (from
15 ppm, to 45 ppm,), whereas the outlet concentration variation was always
limited (0.02 ppm, to 0.086 ppm,). This indicates the high efficiency of the
molecular sieve bed for dehydration.

2. This can be due to the inlet concentration never exceeded 45 ppm, (water vapor)
while the design value was 90 ppm. This big margin led to such a low outlet
concentration for the whole period of bed operation (about 15 years) of 12 cycles
of adsorption per month followed by regeneration.

3. In addition to that the regeneration step was executed early and before
breakthrough time as design criteria implies and to put gas plant operation in safety
mode.

Validation of the mathematical modelه 

Table 5.1: Comparison between Estimated and Plant data

Estimated C ( ppm,) % Absolute
Time Plant data Deviation

h.لا- C«ا m,.د- REl----لا،،، «، لا ،،،،،،،،،،ر ±.ية، »

4 0.02 0.0203 1.5

8 0.036 0.034 5.55

12 0.051 0.048 5.89

16 0.056 0.059 5.36

20 0.064 0.068 6.25

24 0.072 0.075 4.17

28 0.079 0.08 1.27

32 0.08 0.082 2.5

36 0.083 0.084 1.2

40 0.084 0.085 1.19

44 0.085 0.086 1.17

48 0.087 0.087 0.0
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Figure 5.7 Comparison between estimated and plant data of the outlet concentration.

• Table (5.1) and figure 5.7 show the validation of the proposed model. Many trials to
improve the accuracy ofthe data obtained as a final result by assuming different values
for D," and resolve the model to obtain a minimum value of standard error (SE). It is
clear that by using value of D,= 1.2x10' m%/s the developed model is very
successful (SE= 3.07%) and gave results very close to actual plant data. (the range of
D, was 1x10 -1x10"" m%/s [24])

• Fatemi, Shohreh, [19] compared the experimental results with the numerical results
with standard error (SE) fluctating between 6.6% and 7.4%. But it should be noted
that the experimental data collected were for laboratory field with total sum time about
200 minutes only.

• Xi-Gang Yuan [25] developed a model which gave standard error (SE) fluctuating
between 5.7% and 8.6%. Also it was applied in the laboratory field.

• Maria J. Rivero [31] compared the experimental results with the numerical results for
styrene drying by adsorption onto activated alumina with standard error (SE) 7.34%.
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• Sensitivity analyses of breakthrough times were applied for different flow velocities
and different inlet concentration of water vapor in natural gas.

Table 5.2 Effeet of natural gas velocity on Breakthrough time at an inlet water
concentration of C,=40 ppmY

Breakthrough time (h)
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Figure 5.8 Effect of feed gas velocity on breakthrough time for gas dehydration

Figure 5.8 shows the effect of natural feed gas velocity on Breakthrough time at anه 
inlet water concentration of C,=40 ppmv.

• Notice that the breakthrough time is increased by decreasing the superficial velocity of
the natural gas. That means the relationship between the superficial velocity and time
is an inverse relationship.
This figure clearly shows at low values of superficial velocity up to 4.5x10' m/s theه 
increase in velocity has strong effect on decreasing the breakthrough time.

• The relation between feed gas superficial velocity (u,) in ms and breakthrough time
(t) in hours is given by the following equation:

t=-6708 ln (u,) +1187.9

• From table (5.2) it's clear that at a gas velocity of 1.9710 m/s the breakthrough was
2100 hours, the gas velocity applied in the plant is 0.2082 m/s but it is a usual practice
to run the adsorption only 48 hours, there after bed regeneration takes place.
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Table (5.,3) Effect of inlet water vapor concentration on Breakthrough time at a
superficial velocity of u = 0.2088 m/s

Breakthrough time (h)
C, (ppmY)
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Figure 5.9 Effeet of inlet concentration of feed gas on breakthrough time

• Figure 5.9 shows the effect of inlet water concentration of natural gas on Breakthrough
time at a superficial velocity of u0.2088=ي m/s.

• It is noticed that the time decreased almost linearly by increasing the inlet
concentration of water vapor. That means the relationship between the inlet
concentration of water vapor and time is a reverse correlation.

• In this figure the situation is different than that of the effect of superficial velocity on
breakthrough time as it shows a linear decrease of the breakthrough time with the
increase in the inlet concentration of water vapor in feed gas.

• The relation between inlet concentration of water vapor (C,) in ppm, and breakthrough
time (t) in hours at u= 0.2088 m/s is given by the following equation:

t=-1٠1848 x C,+582.44
• Fatemi, Shohreh, [19] compared between two models when changing the particle

radius. Also they applied the sensitivity analysis for different temperatures and inlet
flow velocities. lt was shown, that increasing temperature and inlet flow velocity
leads to lower breakthrough time.

• Xi-Gang Yuan [25]: the model was successfully used for prediction of the
breakthrough time at different superficial velocities and different bed depth, but it
could not predict well the breakthrough time for different vapor concentration.
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• Maria J. Rivero [31] obtained the predicted curves for different bed
lengths and flow rates. A model which gave standard error (SE)
fluctuating beteen 5.57% and 9.7% was obtained and but it was applied
in the laboratory field only.
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Figure 5.10: Variation of bed temperature during dehydration step (as estimated by
the model) and comparison with the plant data along the bed.

• Figure 5.10 shows effect of time in the dehydration step on the temperature of gas
which increased with the dehydration time increase. This is indicating that the
adsorption process is exothemmic and the heat effects must be considered during
adsorption. The most important consideration is that the major industrial processes
are adiabatic and thermal effects cannot be ignored.

• In this figure, only initial and final bed temperatures are shown fiom plant data.
- M. R. Talaie [17] studied the variation of gas temperature at different times.
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5.1.2 Second case: separationofnitrogenbycarbon molecular sieves.

Validation of the mathematical model

Table (5.4) Comnarison between Estimated and Plant data

Time / Rlant data / Estimated N2 (mole %) 1% Deviation
(hr) N2gmole %)
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Figure 5.11 comparison between estimated and plant data of produced nitrogen mole
percent

• Table 5.4 and figure 5.11 show the validation of the proposed model. Many trials were
undertaken in order to improve the prediction capability of the mathematical model by
assuming different values for equilibrium constant for Nو (K) obtain a minimum value
of standard error (SE). Ht is clear that by using value ofK=1.5 (the K value used was
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2.9 [15]) the developed model is successful (SE= 2.5%) and it was validated with the
plant data.

• Jafar [18] compared the estimated and experimental product purity results and found a
g0od agreement between the model predictions and the actual data. He showed that the
produced N purity decreased with increasing the cycle time.
Mostamand and Mofarahi [15] compared the experimental data for a single bed N­
PSA. They concluded fiom their simulation that the purity of N, decreased with the
increasing time.

• Sensitivity analyses of breakthrough curves were applied for different flow velocities
of air through carbon molecular sieves bed.

TAble 5.5: Effect of inlet air flow velocity on purity of Nو 
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Figure 5.12 Effeet of inlet air flow velocity on N purity in PSA system

• Figure 5.12 shows the effect of air flow velocity on N5 purity.
Itis noticed that the purity of N5 produced decreased by increasing the inlet superficialه 
velocity of the air. That means the relationship between the superficial velocity and
time is a negative relationship.

• The relation between inlet air flow velocity (u) in m/s and Nو mole % is shown by the
following equation:

Nو mole % =-51.35 x u, + 99.13
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• Jafar [21] reported that the results show that the product of the Nو purity increases with
decreasing the inlet velocity.

5.2 CONCLUSIONS

• In the present study, a comprehensive mathematical model was developed to
perform parametric study for two cases a natural gas dehydration unit and nitrogen
separation by PSA located on Amerya LPG Recovery Plant of Egyptian Natural
Gas Company (GASCO).
The models in two cases were applied and a good agreement between plant dataه 
and estimated data was achieved.
The MATLAB program was used with the system and it is currently being appliedه 
t0 a wide range of plant data, the program can be used for predicting the outlet
concentration profile with a very large time interval.

• In the first case (a natural gas dehydration):
1. By increasing the time the outlet concentration of water vapor increased

because the dehydration beds will enter the saturated Zone.
2. On applying the sensitivity analysis technique by the MATLAB program,

the program could clearly show the effect of varying inlet concentration of
water vapor content in natural gas on breakthrough time. lt was noticed that
the time decreased almost linearly by increasing the inlet concentration of
water vapor. Also the effect of varying natural feed gas velocity on
breakthrough time was studied. It was noticed that the breakthrough time is
increased by decreasing the superficial velocity of the natural gas.

3. Effect of dehydration step on the temperature of gas and we compared the
estimated data with plant data.

It is clear that the developed model is very successful and SE= 3.07%
• ln the second case (nitrogen separation from air by RSA):

1. A model to predict the Nو gas purity as a function of operating time of PSA
unit was developed and good agreement between the plant data and
estimated data with SE= 2.5%.

2. By increasing the time of adsorption the purity of nitrogen producing
decreased, so the system of operation stopped the adsorption cycle and
enter in the regeneration cycle to maintain on the high purity of nitrogen
produced.

3. Effect of inlet air velocity on the producing of nitrogen purity and it noticed
that the product of N purity decreased by increasing the inlet superficial
velocity ofthe air.
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APPENDICES

Appendix (A)
Batches 1,2& 3 show the different event values of C,& C
(Plant data) in three different batches for dehydration of natural gas

Time ;C ا [Time ا»CaC ا C,C«ا Time] C,

#

0.02
0.021

0.035
0.041
0.052

0.059
0.063
0.072

0.08

0.083
0.083

0.0894

0.02

0.036
0.051

0.056
0.064

0.072

0.079
0.08

0.083
0.084

0.085

0.0874
Table A.4 Variation of the temperature during dehydration step and comparison with the
plant data along the bed.

50454035302520151050Time (h)
Estimated / 287.51 287.6/ 287.71 287.9 / 288.3/  ا288.8289.1289.21/289.2/289.1/289

(outlet temperature) 289.1plant data / 287.5 (inlet temperature)
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Table A.5 Variables and parameters used to solve the mathematical model in this work for
separation of Nو from air on carbon molecular sieve

(E/m)1.127 م

F (Nm'/h) 138
Bed diam. (m) 0.5
Co (ppmv) 0.79
d, (m) 0.025
١ (kg/ms) 0.00001902

٤} 0.4

Cم (ppmv) 0.99
R
(kE/cm'.m'/mol."K) 0.0847

T ٣K) 313

M٠, 29
m' (kg) 280
P (g/cm) 7

Ma٥ 32

M٨٥ 28

e1 «o2 (١ ل( 106.7

e2٨2 (١ ل( 71.4

١ رد»(٨) 3.467

o«رد (A) 3.798

Oو N,
K1 5.82E-03 1.13E-02
K2 -7.51E-06 -2.80E-05
K3 7.94E-06 3.09E-04
K4 1381 359.7
-A() (kJ/mol) 13.81 13.39
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Table A.6 Variables and parameters used to solve the mathematical model in this work for
dehydration of natural gas on molecular sieve

(E/m)43.4 م

F (m'/h) 1608
Bed diam. (m) 2.9

C, (ppmv) 2.00E05
p٨ (g/m') 700
Co (ppm,) 30
d, (m) 3.20E-03
p (kg/ms) 5.90E-04

٤} 0.3

(kg/m)2100 ,م
Cم (pnm,) 0.09

R (£/cm'.mkmol."K) 0.0847

T ٣K) 288

M, 19.06
m' (kg) 9928.66
P (g/cm) 50.8

Mر zo 18

e1 «Cw4 ( ل) 148.6

e2ao١ (J) 809.1

1« (A) 3.758

(A)2 رao2.641 ن
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Table A.7 Eauilibrium Rate Parameters and Heats of adsorption ofO2 and N2 for
CMS [15]

Heat of 1usIon rateا 

Langmuir Model adsorption ,constants )'و( Cا 
-٨(H) (kJ/mol)

Equilibrium
Oو N, Oو N, Oو N,

Constants

k1 (mol/g) 5.817x 10 1.13 x 10 13.81 13.39 0.0275 0.00075

l2 (mol/g K) / -7.512x10% /-2.8x105

30.89x1037.94k3 (1/Pa)

359.71381k4 (K)

Table A.8 Used parameters in simulation of N2 -PSA system [21]
N%78.2021.8 ,ر%

CMS
1.8
0.0125
0.4
40.0
1.0 atm.
8.0
4.876x 10
9.25
8.9
44.71 x 10
7.62 x 10
2.64 x 10
2.64 x 10

Feedcomposition
Adsorbent
L(m)
R,(m)
E
٢٢t
Blowdownpressure(atm
PressuriنationpresSure(atm
Axial Dispersion coefficient
Equilibrium constant for Orygen (KA
Equilibrium constant for Nitrogen (KB)
LDF constant for Oygen (kA)(s")
LDF constant for Nitrogen (kB)(s")
Saturation constant for Oxygen (٨s)(mol/m)
Saturation constant for Nitrocen
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Table A.9 Equilibrium and knetic data and other common parameters used in the PSA
simulation [15]

Adsorbent

Feed
Bed length (cm)
Bed diameter (cm)
Bed voidage
Adsorbent particle diameter (cm)
Adsorbent particle density (g/cm')
Saturation constant for Oو (gmol/ cm')
Saturation constant for N (gmol/ cm')
equilibrium constant for O,
equilibrium constant for N,

Union Carbide molecular sieve
RS-10

Dry air (79% N, 21%0,)
101.6
2.08
0.34
0.08
1.1
2.1x10
2.1x10
2.9
5.9
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ResouIrces, Tools r ج Basic lrforrstior1 for EngineerIng and Design of Technical
Appl'cations!

 اسه م·}
 بم"#gجنت لي

rchة nm1 .•1 ل58:

AiFroperties
Terperature, dersity, speclflc heat, thermal conductvIty, expansion
coefficient, kinematic viscDsity and FrardtI's number for
temperatures ranging -150- 4009c

Camron propertles for air at sLIr6ااؤosEhIEIiUHIجأف11 as indicated the tbl bel
٥١ ،٠٠٠ د٠ د٠ د،د٠٠٠٠ د

SpeciflC, THerna 'oansionرinematls!eكb ر
heat {eanduewivie fآsوss آلا ;he،،+ranatr's& لآ ع

:-- ;capAcity}' 1- - ٧- ض- numbEr j
' (Kgrw} ! -6 :٨ أ- ، ج٥6,3 -P, ;

 'ا أر»ً««» ر%ج»1.» أ
{٠(s''٢-د.}

{Temperature Density
} -±­

(٢cإ 

-150 2.7G3 1.026 0.0116 33.U5 8.21 0.7
٠٠-٦٠٠٠٠٠

-100 1.986 1.٥0s 0.0160 5.%5 5.82 0.74
٠٠٣٥

1.534 لان- 1.005 0.0204 2.55 4.51 0.725
،٤٠٥ .أ

0 1.2E3 1.005 0.0243 13.3 ت 3.67 0.715

20 t.205 1.005 0.0257 15.11 3.43 0.7453
، •<٠ ا٠٠٠٠٠٠٠ ك -دء٠٠٠٠٠-٠٠ م

1.127 )0ه 1.005 ٢.t771 16.97 3 خ.0 0.71٦

60 1.067 1.009 0.5285 ٤8.90 3.00 0.70g
٠٠٠٠ ن ن»٠ ،
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 الرسالة ملخص

 من الكثير لتوفير ضروري أمر الطبيعي الغاز معالجة مجال في الألي الحاسب استدام أن فيه شك لا مما•
 المعالجة وحدات أداء لتحين المختلفة الأبحاث لإجراء الرياضية النماذج تداول ساعد وقد معا. والمال الجهد

 المختلفة

 دراستهم. تم لحالتين كمبيوتر برنامج باستخدام رياضي لنموذج وتطوير اختبار عمل البحث هذا تناول•
 للغاز المائي المحتوي بتركيز والتوقع الجزيئية المناخل باستخدام الطبيعي الغاز تجفيف وحدة إحداهما
 تولد وحدة والثانية التجفيف. جهاز داخل الحراري التوزيع وكثك التجفيف وحدة من خروجه بعد الطبيعي

 التغذية هواء سرعات تغيير تأثير دراسة تم وقد الكربونية الجزيئية المناخل باستخدام الهواء من النيتروجين
. (pressure swing adsorption)  المتأرجح بالضغط الامتزاز باستخدام المنتج النيتروجين نقاوة علي

 وضع مع والحرارية المادية للموازنة الجزيئية التفاضلية المعادلات علي يعتمد الاول الرياضي النموذج ه
 تطبيق تم وقد النيتروجين لإنتاج الثاني والنموذج المعادلات. هذه لحل تستخدم حتي الافتراضات بعض

 المادية. الموازنة

Sensitivity) الحساسية تحليل تقنية تطبيق تم كما ه analysis)علي تطبيقه ومدي النموذج دقة مدي لمعرفة 
 باستخدام الهواء من النيتروجين تولد ووحدة الجزيئية المناخل باستخدام الطبيعي الغاز تجفيف وحدات
 تغيير مع وكذلك التغذية لغازات المائي للمحتوي مختلفة تركيزات باستخدام وذلك الكربونية الجزيئية المناخل
 علاقات الي الوصول تم و نظريا الطبيعي الغاز تجفيف وحدة خلال من المارة التغذية غازات سرعات
 المغذية الهواء سرعات تغيير تأثير مدي لمعرفة رياضية علاقة الي التوصل تم كما التأثيرات، [ك رياضية

 المنتج. النيتروجين نقاوة علي النيتروجين تولد لوحدة
 الجزيئية المناخل باستخدام الطبيعي الغاز تجفيف وحدة مع ليتطابق تطويره وتم الرياضي النموذج اختبار تم ه

 استخلاص بمصنع المستخدمة الكربونية الجزيئية المناخل باستخدام الهواء من النيتروجين تولد ووحدة
 الألي الحاسب علي مساعدة برنامج عمل تم وقد الطبيعية للغازات المصرية للشركة التابع بالعامرية البوتاجاز

.Matlab  باستخدام الرياضي النموذج لحل

 المتأرجح. بالضغط الامتزاز و التجفيف لعملية المختلفة الطرق فيه شارحا نظريا جزءا البث تناول كما ه
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 الإسكندرية جامعة
 الهندسة كلية

 الكيميائية الهندسة

 النقي النيتروجين غاز وإنتاج الطبيعي الغاز لتجفيف رياضي نموذج تطوير

 علمية رسالة

 الإسكندرية جامعه الهندسة بكلية العليا الدارسات إلى مقدمة

 الدكتوراه درجة على للحصول المقررة للدراسات استيفاء

 من مقدمه

 جاد أحمد السيد محمد/ مهندس
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