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Summary:

An analytical approach is developed to check the aerial flow rate required for aerial cooler used in a
propane pre-cooling mixed refrigerant components cycle operating in a Liquefied natural gas (LNG)
plant located at Damietta, Egypt. The presented analytical approach takes into concern the changes in
both the ambient air inlet temperature and the aerial mass flow rate. Based on an economic objective
function, namely the annual total cost of the aerial cooler, the optimum operating conditions and
hence the best performance of the propane pre-cooling mixed refrigerant cycle with aerial cooling was
determined for various ambient aerial surrounding temperatures. Two algorithms are presented which
can be used effectively with good engineering accuracy to control the process fluid (propane) outlet
temperature in the propane precooling cycle through regulation of the air flow rate. The ambient air
inlet temperature is modeled analytically by simplifying periodic relations. Numerical results are
obtained reflecting the performance of the air-cooled heat exchanger which cools both NG (natural
gas) and MR (mixed refrigerant) in the selected LNG plant. The obtained results revealed that the
periodic hourly variations of the ambient air inlet temperature in the summertime have a much impact
on the required air flow rate, while its influence becomes relatively less pronounced in winter


mailto:Ayatshawky821@gmail.com

Acknowledgment

First and foremost, | thank Allah, the most gracious, the ever merciful for helping
me finish this work.

| would like to express my full thanks and appreciation to Prof. Dr. Mohammed
Fahmy Mostafa for his support, continuous encouragement, useful suggestions and
active help during this work.

Nobody has been more important to me in the pursuit of this project than the
members of my family. | would like to thank my parents, my brothers and my sisters,
whose love and guidance are with me in whatever | pursue. They are the ultimate role
models. Most importantly, | wish to thank my | am grateful to all of those with whom
| have had the pleasure to work during this. Each of the members of my Dissertation
Committee has provided me with extensive personal and professional guidance and
taught me a great deal about both scientific research and life in general.



List of Figures

Figure (2.1.1): Growth of the world energy mix from 1990 and extrapolated to

0 P 3
Figure (2.1.2): Transport cost of natural gas technologies relative to
QIS NG . ...ttt e e e 5
Figure (2.1.3): Natural gas pretreatment and liquefaction.......................oovveeen. 7

Figure (2.1.4): Egyptian LNG Export Complex (ELNG) liquefaction plant..............9

Figure (2.1.5): SEGAS LNG process traif ...........ceeveeenierierinseeaneananseneeninns 11
Figure (2.2.1): Common fins configurations..............coevvereiniireiiiieieeenenennnn, 12
Figure (2.2.2): Aerial cooler configurations..............oeoiveeriiniiiiiiiiiinieeeinne 15
Figure (2.2.3): DIfferent fin types. ... .cco.ouiieriiieiie e 16
Figure (2.2.4): HEAABI 1Y PeS. .. .evei ittt e e 17
Figure (2.2.5): Bays configurations. ..........cceeerenireninieteeieteeeeteneneeeieeenaaens 20

Figure (3.1): The principle operation of an aerial cooling heat exchanger...............21

Figure (3.2): Temperature profiles of propane and air along the heat transfer area for

zone (I) and zone (I1)......cooiiniie i e e e 22
Figure (3.3): Propane refrigeration cycle for precooling of NG and MR in an LNG
PIAN. .. 23
Figure (3.4.a): Annular fins of uniform thickness ...................cooviiiiiiinn.. 34
Figure (3.4.b): Tubes with radial fins..............cccoiiiiiiiii e 34
Figure (3.5): Graph method for the efficiency of Annular transverse fins
CAlCUIALION. ..t 35
Figure (3-6): Condensation inside horizontal tubes flow regimes........................ 39
Figure (5.1): Flow chart of algorithm (I)...........coooiiiiiiii e 41
Figure (5.2): Flow chart of algorithm (II)..............cooiiiiiii e, 52

Figure (6-2): Variation of the Weighted overall heat transfer coefficient (Uox)weighted
with mass flow rate of air (Wair) at (tin=25°C).....ovirieiiiiii e 69

Figure (6-3): Variation of the extended surface area (Ax) with the mass flow rate of
AN (WaAIK) AL (Bnm25°C) ottt e e 70



Figure (6-4): Variation of the Face area (FA) with the mass flow rate of air (Wair) at
(B1T25° 0ttt e 71

Figure (6-5): Variation of the tube length (L) with Mass flow rate of air (Wair) at
(EINE25 ) ottt e 72

Figure (6-6): Effect of the varying the mass flow rate of air (Wair) on both the total
power of all fans and total energy required per year for an aerial cooler at
(BN 250 ) et s 73

Figure (6-7): Variation of the annual fixed cost, annual operating cost and the total
annual cost with mass flow rate of air (Wair) at (tin=25°C) ................coeeeinnn.. 74

Figure (6-8): Influence of the values of electricity prices on the optimum values of
mass flow rate of air (Wair) of an aerial cooled heat exchanger ..........................T7

Figure (6-9): Influence of the ambient air inlet temperature (tin)avg. on optimum
conditions, (Electricity price 0.03 ($/KxWxh) and annual fixed charges
(1500). ettt et e e e e 78

Figure (6-10): Influence of the ambient air inlet temperature (tin) on optimum
conditions,(Electricity price 0.05 ($/KxWxh) and annual fixed charges
(2000 ). ) e ettt 79

Figure (6-11): influence of the ambient air inlet temperature (tin) on optimum
conditions,(Electricity price 0.07 ($/KxWxh) and Annual fixed charges
01 1 TP 80

Figure (6-12): Influence of varying the ambient air inlet temperature (tin) on
optimum conditions,(Electricity price 0.07 ($/KxWxh) and Annual fixed charges
(B00/0). ) e ettt e e 81

Figure (6-13) : Influence of varying the ambient air inlet temperature (tin) on

required mass flow rate of air (Wair)for air cooling heat exchanger operating at
optimum conditions

Figure (6-15): Hourly variation of the ambient air inlet temperature and the
corresponding variation of the required mass flow rate of air (Wair) (winter



List of Tables

Table (2.1.1): Fuel Properties of Natural Gas at STP Compared to Those of LNG
(162 0C) e, 5

Table (2.1.2): Some key LNG projects worldwide..............oooveiiiiiiiiiiniiiinn, 6

Table (6-1): The Physicochemical, Thermodynamic and Operating Data for the
selected propane unit in LNG plant............coooiiiiiiiiiiiiiiii e e 64

Table (6-2): Design Details of the Air Cooler Used in The Propane Cycle at LNG
Table (6-3): Design details of the aerial cooler used in the propane cycle at LNG plant
(@] 1188« | PSPPI 66

Table (6-4): Design details of the aerial cooler used in the propane cycle at LNG plant
(0] 118« | PSR 67

Table (6-5): Optimum Conditions for operating the air cooler heat exchanger at
ambient air inlet temperature (TiN)..........oooiiiiiiii 82

Table (6-6): Hourly variation of the ambient air inlet temperature and the

Table (6-7): Hourly variation of the ambient air inlet temperature and the
corresponding variation of the required mass flow rate of air (W air), (Winter time)



Table of Contents
ACKNOWIEAgMENT. ... .o, |
LSt Of FIQUIES. ..., I

LISt Of TaABIES.....oceeeeeeeeeeeeeee eIV

Table of CoNtents............coooiiiii e \Y
NOMENCIATUIE. ... VIII
ADSTIaCT. ... X
Chapter 1: Introduction.................cooooiiiiiii e, 1
Chapter 2: Literature REVIEW..............cooiiiiiiiiiie e 4
.2.1. Liquefied Natural Gas OVEr VIEW............coiviiiiiiieii i, 4
2.1.1 Global Energy Outlook and the Role of Natural Gas............ 4

2.1.2 Importance of Liquefied Natural Gas (LNG) for Utilization....4

2.1.3 LNG Production Chain...........c.coooeiiiiiiiiniiiiieee, 7
2.1.3.1. Upstream Gas Production and Gathering................. 7
2.1.3.2. Liquefaction and Storage............coceveveiiiniininnn. 7

214 LNGINEQYPt oo 9

.2.2. Aerial cooling heat exchanger OVer VIeW.............covveiieiiniiinnen.. 14

2.2.1 FINNed TUDES. ..o 14

2.2.2. The Aerial cooler mechanical design............................ 14

2.2.3. Components of an aerial Cooler.................cccoeeviiininin, 15
2231 TubeBundle..........cooiiii 15
2.2.3.2.FANS. ..o 18
2.2.3.3PIeNnUMS. ...t 18
2.2.3.4.SUCTUIE. ..ot 18
2.2.3.5.CoNfiguration..........coeiiiiiiiii 21

2.2.3.6.Forced Draft versus Induced Draft........................21



Chapter 3: Theoretical Background...........................ccooiii, 22

3.1.The principle of Operation............c.ouiveiiiiiiiieiee e, 23
System description and modeling............coooiiiiiii i 26
.3.2.Aerial cooling heat exchanger basic equation...................ccccceevnn.s 26

3.3.The weighted Corrected mean temperature difference
(CIMIT D) WCIGHEU - « v e e et e et et et e e e e e e e 26

3.4.The outside extended surface area of aerial cooler (Ax)otal....c..vovvveeennn. 31

3.5.Calculation the overall heat transfer coefficient of an aerial exchangers

(Ux0) Weighted - onrrrerrennrsenrsesssine ettt e et 33
3.6.Transverse fin heat transfer coefficient (ho).....................ooiiiil. 34
3.7.The finefficiency (@) .......coeieirii i, 35

3.8.The film heat transfer coefficient for the forced convection of propane
vapour in desuperheating zone (i)l ...........c.coiiiiiiiiiiiiiiiiii 39

3.9.The film heat transfer coefficient for condensation of propane vapor inside

horizontal tubes ,{ i) gl . ceeeee e 39
3.10.The final equation of weighted overall heat transfer coefficient.......... 41
3.11.The density of humid air ( pair ).......coooveiiiiiii 43
3.12.Total pressure head across tube bundle (Ht) ... 44
3.13.Static Pressure head across tube bundleAPair, ., .....oeovvveveninennn. 44
3.14.The Velocity head (Dynamic head)...............ccooviiiiiiiiiiiinin. .. 44
3.15.Fan face area per fan (FAPF) and fan diameter calculation
(DFQIL) ..o 45
3.16.The actual air volumetric flow rate per fan , [ACFM fﬂ,,) ................. 45
3.7 Fans Total POWET . ......oieii e 46
3.18.Total ENergY POT VAT ... eutt ettt et e e et et eeeeaeenaans 46
3.19. Annual fixed cost, annual operating cost and annual total cost for air
(0700 [ P 46
Chapter 4: The Aim and Objective of the Work............................. 48
Chapter 5: Methodology.........ccooiiiiiiii 50



LPART ONE. ... 50

HLPART TWO . . 54

Chapter 6: Results& DISSCUSSION..........cccoc.iiiiiiiiiieiie e, 50

(A) - Results concerning the investigation of the influence of the mass flow rate of
air (Wair) on the main design parameters such as the weighted corrected mean
temperature difference (CMTD)uweignteds ,weighted overall heat transfer coefficient
(Uox)weighted, €xtended surface area (Ax), Face area (FA) and the tube length

(B) -Results concerning investigation the influence of varying the aerial mass flow
rate (Wair) on the layout of an aerial cooler.................ccoooiii i, 63

(C) -Results concerning investigation the influence of variation the aerial mass flow
rate (Wair) on both the total power and the total energy of all fans..................... 63

(D) -Results concerning investigation of the influence of variation the aerial mass
flow rate (Wair) on the annual total cost at ambient inlet temperature.................. 63

(E)-Results concerning studying the influence variation of the aerial inlet temperature
on the optimum CONAIIONS. .......uiti it ereee e 63

(F) -Results concerning investigation of the effect of varying ambient air ambient inlet
temperature on the required aerial mass flow rate for the aerial cooling heat
exchanger operating under optimum conditions ................ccooiiiiiiiiiininieninann. 77

(G) - The influence of hourly variation the ambient air inlet temperature on mass

flow rate of air in summer time and Winter time. .........ooooeiiee e, 79
Chapter 7: Conclusions and Recommendations.............................. 83
RO O ENCES. ... oo 83

Vil


file:///C:/Users/Ayat/Desktop/New%20folder/Autt%20(Repaired).doc%23_Toc521388717
file:///C:/Users/Ayat/Desktop/New%20folder/Autt%20(Repaired).doc%23_Toc521388717
file:///C:/Users/Ayat/Desktop/New%20folder/Autt%20(Repaired).doc%23_Toc521388718
file:///C:/Users/Ayat/Desktop/New%20folder/Autt%20(Repaired).doc%23_Toc521388718
file:///C:/Users/Ayat/Desktop/New%20folder/Autt%20(Repaired).doc%23_Toc521388719
file:///C:/Users/Ayat/Desktop/New%20folder/Autt%20(Repaired).doc%23_Toc521388719
file:///C:/Users/Ayat/Desktop/New%20folder/Autt%20(Repaired).doc%23_Toc521388720
file:///C:/Users/Ayat/Desktop/New%20folder/Autt%20(Repaired).doc%23_Toc521388720

As
Ao
Api
Apo
Ax
APM
APSM
AR
d;
(Cp)air
(Cp)propane
CMTD
Deqv.
Ft
FA
% free area
Gair
GH
g
hi
ho
Nairt
(k)air
(k)aluminum
(k)propane
L
Lo
LNG
MTD
MW
Nt
Nu
Pr
Pi".-' y

PPMRC
Qtotal
Q
Qn

0sRH
Idirt
1, 12

Nomenclature

(fin surface area/m length), m2/m
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Abstract

An analytical approach is developed for evaluating the hourly performance of an
aerial cooling heat exchanger during winter and summer times, as it's in operation into
propane pre-cooling mixed refrigerant cycle (PPMRC) at Liquefied natural gas (LNG)
plant located at Damietta, Egypt. This analytical approach is taking into consideration
the effect of varying two main important variables, the ambient air input temperature
(tin)and the aerial mass flow rate (W_,.) on the design and rating of the aerial cooled
heat exchanger .

First, the studying is carried out for searching the effect of varying the aerial mass
flow rate (W_,.) at a constant ambient inlet temperature on several operating
parameters such as : the overall heat transfer coefficient (Ug,) , the weighted
corrected mean temperature difference (CMTD, ;.4 ), the total extended surface

area (Ax), and the layout configuration of the aerial heat exchanger from face area ,
tube bundle width , and length are included .

Secondly, the effect of varying aerial mass flow rate at a constant temperature on
the total power required and the total energy consumed by all of the fans is
investigated. The objective of this complex calculations is estimating the total annual
cost curve, a curve which is based on an economic function. The annual total cost of
an aerial cooler is the summation of operational and fixed cost which annually
charged. A list of basic thermodynamics and heat transfer equations are to be
demonstrated.

Thirdly, the optimum conditions of an aerial cooler in operation are investigated,
as the optimal design conditions are the conditions which the best performance, better
operability, the efficient and eventually cost-effective operation of the aerial cooler.
The optimum conditions are estimated for different surrounding air input temperature.

Finally, the hourly impact of varied surrounding air temperature on the operation
aerial mass flow rate of an aerial cooler is also investigated. As the hourly variations
of air temperature during winter and summertime is being represented by simple
periodic relations.

An interrelation between the mass flow rate of air (W,.) and the ambient
temperature (tin) is providing a way for adjustment of process fluid exit temperature.
Also, it’s a control method for the required amount of aerial mass flow that is
displaced and the moved through daily operation and further the seasonally operation.
The controlling system is either to be manually via operated louvers or
pneumatically through activated automatic variable pitch fan or Variable frequency
fan drive (VFD).

Numerical results are obtained showing the performance of the aerial cooling heat
exchanger operated in propane pre-cooling which cools both NG (natural gas) and
MR (Mixed refrigerant) streams in the LNG plant located at Damietta, Egypt. The
input air temperature variation in the summertime has a considerable effect on the
required air mass flow rate (W), while its influence becomes relatively less
pronounced in winter. Two algorithms describing the analytical approach derived are
presented.






