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the SINTRANS flowmeter is able to be magnetically clamped onto the metal surface of the 

water/glycol pipe before it enters the Cold Box.  

Sequence of Events: 

1. Initial Set-Up: 

a. Status of the LNG plant: Gas Engines not operating 

b. Time Required: Approximately 3 hours (2.5 hours for set up; 0.5 hours to obtain 

initial conditions)  

c. Process: 

i. Gain access to the Cold Box on MF Tresfjord. This step requires (1) 

member of the crew to gain access to the Cold Box.  

ii. Attach the SE 1596-A Flowmeter Probe to a horizontal or vertical surface 

of the NG gas return line on the PBU circuit. 

iii. Attach (6) thermocouples to the LNG inlet pipe to the PBU and attach (6) 

thermocouples to the NG outlet pipe from the PBU. 

iv. Attach (6) thermocouples to the water/glycol inlet pipe to the PBU. 

v. Attach (6) thermocouples to the water/glycol outlet pipe to the PBU. 

vi. Connect all (24) thermocouples to the lab recorder and confirm they are 

zeroed out and the lab recorder is recording properly. 

vii. Seal access to the Cold Box on MF Tresfjord. This step requires (1) 

member of the crew to seal the Cold Box.   

viii. Attach the SITRANS Flowmeter Probe to the inlet water / glycol pipe (i.e. 

water / glycol entering the PBU). Both the SITRANS probe and flowmeter 

will be in the engine room and outside the Cold Box. 

ix. Operate the PBU circuit for 5 minutes or until max operating tank pressure 

is achieved. Ensure the NG piping to the gas engines is not receiving any 

NG. This step requires Chief Engineer to activate equipment / machinery 

to run the PBU circuit.  

d. Purpose: This stage of the measurement campaign serves two purposes. The first 

purpose is to mount the equipment that will be used to measure the plant during 

and after bunkering. The second purpose is to obtain the liquid heel temperature in 

the tank (i.e. the temperature of the LNG existing in the tank before bunkering). 

Depending on the pressure in the LNG tank, the PBU will increase the pressure in 

the tank rapidly since there is no liquid draw from the NG gas engines. It is 

preferred that the pressure in the LNG tank be kept as low as possible the previous 

time the system is operated (i.e. the day before the measurement campaign).  

e. Other Considerations: 

i. Ex safe equipment: According to the Ultraflux UF801-P User’s Manual 

both the UF 801-P Ultraflux Portable Flowmeter and SE 1596-A 
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Flowmeter Probe complies with ATEX Directive 94 /4/CE and Directive 

99/92/CE.  

ii. Thermocouples: The wires from the (24) thermocouples will be led from 

the pipes to the entrance of the Cold Box.  Since the thermocouple wires 

are small (<1mm) they should not affect the seal provided by the Cold Box 

hatch.   

2. Bunkering: 

a. Status of the LNG plant: In operation  

b. Process: This step requires (1) member of the crew to assist in recording the 

conditions at the LNG truck.  

i. Before bunkering note the following: 

1. Top tank temperature  

2. Top tank pressure  

3. Liquid Height / Liquid Volume  

4. Assumed LNG Density (**Note: input determined by the plant 

operator) 

5. Approximate time since LNG plant was last operated   

ii. After the bunkering connection has been established and the bunkering line 

inerted, the crew member recording will note the LNG temperature exiting 

the bunkering truck, pressure, and flowrate. These three measurements will 

be taken every minute until bunkering is complete.  

iii. I will be in the engine room recording the following information every 

minute: 

1. Top Tank Pressure 

2. Top Tank Temperature 

3. Liquid height / Liquid Volume  

4. Assumed LNG Density (If value has changed) 

iv. I will also note when bunkering has commenced. During bunkering, I will 

note if the LNG is being filled from the top of the tank or the bottom of the 

tank and when any switching occurs between top and bottom filling.  

v. Post bunkering:    

1. After bunkering the LNG remaining in the pipes will be “blown 

down” into the tank and the pipes inerted with N2. I will record 

how long the “blow down” occurs as well as the top tank pressure 

and temperature before and after the “blow down”. 

2. I will also note if the PBU is used to increase the top tank pressure 

after bunkering. If so, I wil note the initial top tank pressure and 

temperature, PBU operating duration, percent open of the PBU 

valve, and final tank pressure and temperature.    

c. Purpose: The purpose of this section of the measurement campaign is to record 

how much sub-cooled LNG is bunkered and approximately where it is placed 
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within the LNG tank. Having a clear idea of where the different liquid layers 

exists and at what amount will be important in estimating how the plant will react 

once operations begin.  

d. Other Considerations: 

i. Plant Recording: Before conducting the measurement campaign, it should 

be established whether the vessel is capable of electronically recording the 

output from the different sensors on the control panel over a period of 

time. If this is not possible the next best solution is to have video recorder 

recording the control panel during the bunkering process to ensure that the 

plant status is recorded correctly over time.  

3. Post Bunkering Operation: 

a. Status of the LNG plant: In operation  

b. Process: While the ferry is operating, I will note the following from the control 

panel: 

i. Top Tank Pressure 

ii. Top Tank Temperature 

iii. Liquid height / Liquid Volume  

iv. Assumed LNG Density (If value has changed) 

v. Power produced by gas engines  

vi.  Voltage and current produced by gas engines  

vii. Percent open PBU versus time  

viii. Ship movement information 

1. Average Speed  

2. Distance traveled  

3. Direction traveled 

4. Sea state (wind, wind direction, wave height, etc.) 

c. Purpose: The purpose of this portion of the measurement campaign is to record 

the changing conditions inside the LNG tank while the system is operating. Note 

that external factors like the weather and sea state are also taken into 

considerations.   

d. Other Considerations: 

i. Recovering measuring equipment: At the end of each measurement day, 

the flowmeter and probe will be collected from the Cold Box once the 

LNG plan is secured. If the measurement campaign will be conducted on 

the same ferry the next day then the thermocouples and lab recorder will 

remain attached to the pipes in the Cold Box. This will reduce the set up 

time the next by approximately 1 hour.     

Benefits from the Measurement Campaign: This measurement campaign was initially 

conceived after receiving reports from other LNG vessels that the NG engines de-loaded after 

bunkering due to low pressure in the LNG tank. The results of the report may be shared with the 
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operators on Fjord 1 ferries to understand the physical interactions inside the LNG tank while the 

plant is operating. This information may be taken into consideration when mixing old and new 

LNG to avoid situations where the contents of the LNG tank react undesirably. 
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Appendix F: Water Glycol Fluid Properties  

The mathematical models and constants used to calculate the fluid properties of the glycol 

mixture were taken from mathematical models developed by Conde Engineering (2011). The 

model used to calculate the density, thermal conductivity, and specific thermal capacity are given 

in Equation (97). 
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The model used to calculate the dynamic viscosity and Prandtl number are given in Equation 

(98).  
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Table 30 provides the constants used in these models to calculate the different fluid parameters.  

Table 30: Ethylene Glycol Parameters 

Parameter Order                            

1 658.49825 5.36449 0.83818 -4.63024 3.96951 

2 -54.81501 0.78863 -1.37620 -2.14817 0.70076 

3 664.71643 -2.59001 -0.07629 -12.70106 -12.98045 

4 232.72605 -2.73187 1.07720 5.40536 2.64789 

5 -332.61661 1.43759 -0.20174 10.98990 11.58900 
 

The temperature values entered into Equations (97) and (98) are provided in Kelvin. These 

equations were programmed into MATLAB and used while calculating the mass flow through the 

PBU. The water / glycol temperature used to calculate the PBU mass flow was an average of the 

inlet and outlet temperatures according to values listed on system drawings.  
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Appendix G: MATLAB program for the Overall Heat Transfer Coefficient, U, of the PBU 
%Overall Heat Transfer coefficient of PBU  
%LNG values based on October 2013 bunkering  

  
function[U_PBU]=UPBU(m_PBU,P_A,T_A) 
N=4.5; %Number of coil rows in PBU 
n=20; %Number of tubes 
d_tube_i=0.0090; %inner diameter of tube [m] 
t_tube=0.001; %tube thickness [m] 
d_tube_o=d_tube_i+2*t_tube; %outer diameter of tube [m] 
p_tube=1.5*d_tube_o; %coil pitch [m] 
C_PBU=1.220; %Diameter of PBU [m] 
B_PBU=0.7000; %Diameter of Annulus [m] 
r_coil=(B_PBU+(.5*(C_PBU-B_PBU)))/2; 
%Mole fraction of LNG  
Nitrogen=0.005; 
Methane=0.95; 
Ethane=0.0383; 
Propane=0.0055; 
Nbutane=0.0007; 
Pentane=0.0005; 

  
%Dummy Variables - Measured Values at a specific point in time  
T_GLY_in=299; %[K] water / glycol temp in (drawing 3530-707-002D) 
T_GLY_out=295; %[K] water / glycol temp out (drawing 3530-707-002D) 
T_GLY_m=(T_GLY_in+T_GLY_out)/2; %temperature in K  
T_GLY_w=T_A; %assumed pipe wall temp [K] 
CNT_GLY=0.5; %Concentration of Ethelyene Glycol to Water 
Q_GLY=60; %Volume flow of water / glycol [m^3/hr] 

  

  
%Defining the LNG properties 
%Pr_LNG is unitless (Prandtl number) 
Pr_LNG=refpropm('^','T',T_A,'P',P_A,'nitrogen','methane','ethane','propane','b

utane','pentane',[Nitrogen Methane Ethane Propane Nbutane Pentane]); 
%V_LNG is given in Pa*s (dynamic viscosity) 
V_LNG=refpropm('V','T',T_A,'P',P_A,'nitrogen','methane','ethane','propane','bu

tane','pentane',[Nitrogen Methane Ethane Propane Nbutane Pentane]); 
%L_LNG is given in W/(m*K) (thermal conductivity) 
L_LNG=refpropm('V','T',T_A,'P',P_A,'nitrogen','methane','ethane','propane','bu

tane','pentane',[Nitrogen Methane Ethane Propane Nbutane Pentane]); 

  
%Defining the water/glycol mixture properties  
%The EOS must be programmed into MATLAB directly because REFPROP cannot 
%process water/ glycol mixtures; Information from M.Conde Engineering (2011)  
%Parameters for density [kg/m^3] 
A_1_D=658.49825; 
A_2_D=-54.81501; 
A_3_D=664.71643; 
A_4_D=232.72605; 
A_5_D=-322.61661; 
%Parameters for heat capacity [kJ/kg K] 
%A_1_Cp=5.36449; 
%A_2_Cp=0.78863; 
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%A_3_Cp=-2.59001; 
%A_4_Cp=-2.73187; 
%A_5_Cp=1.43759; 
%Parameters for thermal conductivity [W/m K]  
A_1_L=0.83818; 
A_2_L=-1.37620; 
A_3_L=-0.07629; 
A_4_L=1.07720; 
A_5_L=-0.20174; 
%Parameters for dynamic viscocity [Pa s] 
A_1_V=-4.63024; 
A_2_V=-2.14817; 
A_3_V=-12.70106; 
A_4_V=5.40536; 
A_5_V=10.98990; 
%Parameters for Prandtl number [-] 
A_1_Pr=3.96951; 
A_2_Pr=0.70076; 
A_3_Pr=-12.98045; 
A_4_Pr=2.64789; 
A_5_Pr=11.58900; 
%Equation for density of Ethelyene Glycol mixture [kg/m^3] 
D_GLY=A_1_D+(A_2_D*CNT_GLY)+(A_3_D*(273.15/T_GLY_m))+(A_4_D*CNT_GLY*(273.15/T_

GLY_m))+(A_5_D*((273.15/T_GLY_m).^2)); 
%Equation for thermal conductivity of Ethelyene Glycol mixture [W/m K] 
L_GLY=A_1_L+(A_2_L*CNT_GLY)+(A_3_L*(273.15/T_GLY_m))+(A_4_L*CNT_GLY*(273.15/T_

GLY_m))+(A_5_L*((273.15/T_GLY_m).^2)); 
%Equation for dynamic viscosity of Ethelyene Glycol mixture [Pa s] 
V_GLY=exp(A_1_V+(A_2_V*CNT_GLY)+(A_3_V*(273.15/T_GLY_m))+(A_4_V*CNT_GLY*(273.1

5/T_GLY_m))+(A_5_V*((273.15/T_GLY_m).^2))); 
%Equation for prandtl number of Ethelyene Glycol mixture [-] 
Pr_GLY=exp(A_1_Pr+(A_2_Pr*CNT_GLY)+(A_3_Pr*(273.15/T_GLY_m))+(A_4_Pr*CNT_GLY*(

273.15/T_GLY_m))+(A_5_Pr*((273.15/T_GLY_m).^2))); 

  
%Sequence of equations needed to calculate U_PBU 
%Calculating additional PBU geometry  
%Calculation methodology based on Patil, Shende, and Ghosh (1982) 
l=N*sqrt(((2*pi*r_coil).^2)+(p_tube.^2)); %Length of one of the coils [m] 
L=n*l; %Overall length of piping [m] 
V_c=(pi/4)*(d_tube_o.^2)*L; %Volume of piping occupied by coil [m^3] 
V_a=(pi/4)*((C_PBU.^2)-(B_PBU.^2))*p_tube*N; %Volume between PBU shell and 

Annulus [m^3] 
V_f=V_a-V_c; %Space available for glycol flow [m^3] 
D_e=(4*V_f)/(pi*d_tube_o*L); %Equivalent diameter of tube [m] 

  
%Heat transfer occuring outside the PBU, [ho] 
M_GLY=(Q_GLY/3600)*D_GLY; %Mass flowrate of water / glycol [kg/s] 
D_H1=(2*r_coil)-(d_tube_o); %inside diameter of helix [m] 
D_H2=(2*r_coil)+(d_tube_o); %outside diameter of helix [m]  
G_GLY=M_GLY/((pi/4)*(((C_PBU.^2)-(B_PBU.^2))-(n*((D_H2.^2)-(D_H1.^2))))); 

%mass velocity [kg/m^2*s] 
Re_GLY=(G_GLY*D_e)/V_GLY; %Reynolds number for water/glycol flow [-] 

  
%Laminar / turbulent flow determines outter heat transfer coefficient 

[W/(m^2*K)] 
if Re_GLY < 10000; 
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    h_o=(1/D_e)*(0.6*(Re_GLY.^0.5)*(Pr_GLY.^0.31)*L_GLY); 
else 
    

V_GLY_w=exp(A_1_V+(A_2_V*CNT_GLY)+(A_3_V*(273.15/T_GLY_w))+(A_4_V*CNT_GLY*(273

.15/T_GLY_w))+(A_5_V*((273.15/T_GLY_w).^2))); 
    

h_o=(1/D_e)*0.36*(Re_GLY.^0.55)*(Pr_GLY.^(1/3))*((V_GLY/V_GLY_w).^0.14)*L_GLY; 
end 

  
%Determining the inner heat transfer coefficient  
%First we must assume a Reynold's number for the inside flow  
%Coorelations based on Gnielinski (1987) [-]  
Re_LNG=(m_PBU/((pi/4)*d_tube_i*n))*(1/V_LNG); 
Re_crit=2300*(1+8.6*((d_tube_i/(2*r_coil)).^0.45)); 

  
%Calculating Nu for LNG [-] 
m_LNG=0.5+0.2903*((d_tube_i/(2*r_coil)).^0.194); 
f_BD=(0.3164/(Re_LNG.^0.25))+(0.03*((d_tube_i/(2*r_coil)).^0.5)); 
A_LNG=(22000-Re_LNG)/(22000-Re_crit); 
if Re_LNG < Re_crit  
    

Nu_LNG=3.65+(0.08*(1+0.8*((d_tube_i/(2*r_coil)).^0.9)*(Re_LNG.^m_LNG)*(Pr_LNG^

(1/3)))); 
elseif Re_LNG > 22000 
    Nu_LNG=((f_BD/8)*Re_LNG*Pr_LNG)/(1+(12.7*sqrt(f_BD/8)*((Pr_LNG.^(2/3))-

1))); 
else  
    

Nu_LNG=(A_LNG*(3.65+(0.08*(1+0.8*((d_tube_i/(2*r_coil)).^0.9)*(Re_crit.^m_LNG)

*(Pr_LNG^(1/3))))))+((1-

A_LNG)*((((1/8)*22000*Pr_LNG)/(1+(12.7*sqrt(f_BD/8)*((Pr_LNG.^(2/3))-1)))))); 
end 

  
%Calculating inner heat transfer coefficient h_i 
h_ic=(Nu_LNG*L_LNG)/d_tube_i; %[W/(m^2*K)] 
h_io=h_ic*((2*r_coil)/d_tube_i); 
%Calculating the Overall Heat Transfer Coefficient for PBU  
L_steel=16; %Thermal conductivity stainless steel (W/(m*K)) 

  
U_PBU=1/((1/h_io)+(1/h_o)+(t_tube/L_steel)); % Units give in[W/(m^2*K)] 

  
end 
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Appendix H: MATLAB program calculating the mass flow through the PBU 
clear all 
clc 
%Geometrical Constants of PBU Unit  
N=4.5; %Number of coil rows in PBU 
n=20; %Number of tubes 
d_tube_i=0.0090; %inner diameter of tube [m] 
t_tube=0.001; %tube thickness [m] 
d_tube_o=d_tube_i+2*t_tube; %outer diameter of tube [m] 
p_tube=1.5*d_tube_o; %coil pitch [m] 
C_PBU=1.220; %Diameter of PBU [m] 
B_PBU=0.7000; %Diameter of Annulus [m] 
r_coil=(C_PBU+B_PBU)/4; 
%Mole fraction of LNG  
Nitrogen=0.005; 
Methane=0.95; 
Ethane=0.0383; 
Propane=0.0055; 
Isobutane=0.0025; 
Nbutane=0.0007; 
Pentane=0.0005; 
%Geometric Constants of additional piping  
d_inner_AB=0.028; % [m] diameter of pipe AB (drawing 3530-707-002D) 
t_AB=0.0015; % [m] thickness of pipe AB (drawing 3530-707-002D) 
tank_B=1.55; % [m] vert height from tank bottom to B (drawing B600083751-1) 
h_BD=0.900; % [m] vert hieght from B to D (drawing B600083494-0) 
d_inner_DA=0.063; % [m] diameter of pipe DA (drawing 3530-707-002D) 
t_DA=0.002; % [m] thickness of pipe DA (drawing 3530-707-002D) 
d_tank=4.900; % [m] tank diameter (drawing B600083618-03) 
e_AB=0.000004; % [m] surface roughness pipe AB (precision steel DIN2391 

standard) 
e_DA=0.000004; % [m] surface roughness pipe DA (precision steel DIN2391 

standard) 
L_AB=3;% [m] length of pipe from A to B 
L_DA=5;% [m] length of pipe from D to A  

  
%Dummy Variables - Measured Values at a specific point in time  
P_A=300; % Pressure at A [kPa] 
T_A= 113; %Liquid Temperature at A [K] 
h_LNG=d_tank*0.9; %tank liquid height [m] Corresponds to half full  
P_GLY=101.3; %presure in [kPa] 
T_GLY_in=299; %[K] water / glycol temp in (drawing 3530-707-002D) 
T_GLY_out=295; %[K] water / glycol temp out (drawing 3530-707-002D) 
T_LNG_out=294; % [K] LNG temp out of PBU (estimation; assumed 1 K temp 

approach) 
T_GLY_m=(T_GLY_in+T_GLY_out)/2; %temperature in K  
T_GLY_w=T_A; %assumed pipe wall temp [K] 
CNT_GLY=0.5; %Concentration of Ethelyene Glycol to Water 
Q_GLY=60; %Volume flow of water / glycol [m^3/hr] 

  
%Forward loop to calculate mass flow  
e_tol=1; 
P_surface=510; 
m_PBU=0.1; 
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X=[]; 
dP_loop=5; 
while P_A<500 

  
while (abs(P_A - P_surface) > e_tol) 
    m_PBU=m_PBU+.001; 

     
    if m_PBU > 10; 
        disp('circulation rate too high'); 
        break 
    end  

   
%D_LNG is given in kg/m^3 (density)  
D_LNG_A=refpropm('D','T',T_A,'P',P_A,'nitrogen','methane','ethane','propane','

butane','pentane',[Nitrogen Methane Ethane Propane Nbutane Pentane]); 
dP_tank=(h_LNG+tank_B)*D_LNG_A*9.8*0.001; %Pressure difference [kPa] 

  

  
%Defining the LNG properties at A 
%H_LNG is given in J/kg (ethalpy) 
H_LNG_A=refpropm('H','T',T_A,'P',P_A,'nitrogen','methane','ethane','propane','

butane','pentane',[Nitrogen Methane Ethane Propane Nbutane Pentane]);   
%Pr_LNG is unitless (Prandtl number) 
Pr_LNG_A=refpropm('^','T',T_A,'P',P_A,'nitrogen','methane','ethane','propane',

'butane','pentane',[Nitrogen Methane Ethane Propane Nbutane Pentane]); 
%V_LNG is given in Pa*s (dynamic viscosity) 
V_LNG_A=refpropm('V','T',T_A,'P',P_A,'nitrogen','methane','ethane','propane','

butane','pentane',[Nitrogen Methane Ethane Propane Nbutane Pentane]); 
%L_LNG is given in W/(m*K) (thermal conductivity) 
L_LNG_A=refpropm('V','T',T_A,'P',P_A,'nitrogen','methane','ethane','propane','

butane','pentane',[Nitrogen Methane Ethane Propane Nbutane Pentane]); 

  
%Pressure at point B 
%Accout for static pressure and pressure losses due to friction  

  
%Guess Reynold's number from A to B [-] 
Re_AB=(m_PBU/((pi/4)*(d_inner_AB)))/V_LNG_A; 
%Guess circulation speed of LNG [m/s] 
V_AB=m_PBU/(D_LNG_A*((pi/4)*(d_inner_AB.^2))); 

  
%Calculating friction factor in the pipe [-] 
%The turbulent friction factor uses the Colebrook white  
%disp(Re_AB); 
if Re_AB>2300 
    f_d_AB=colebrook(Re_AB,(e_AB/d_inner_AB)); 
else  
    f_d_AB=64/Re_AB; 
end  

  
%term for the pressure drop from A to B because of pipe roughness [kPa] 
dP_AB_sr=(f_d_AB*L_AB*D_LNG_A*(V_AB.^2)*(1/(2*d_inner_AB))/1000); %this term 

accounts for surface roughness  
%this term accounts for minor losses from valves and bends 
%there is one globe valve (HV113) and at least one 45 deg bend and one 90 
%deg bend in the design 
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dP_AB_globe=340*f_d_AB*(V_AB.^2)*(1/(2*d_inner_AB))/1000; %pressure loss from 

globe valve 
dP_AB_45=16*f_d_AB*(V_AB.^2)*(1/(2*d_inner_AB))/1000; %pressure loss from 45 

deg bend 
dP_AB_90=30*f_d_AB*(V_AB.^2)*(1/(2*d_inner_AB))/1000; %pressure loss from 90 

deg bend  

  
%Calculating the pressure at point B  
P_B=P_A-dP_AB_sr-dP_AB_globe-dP_AB_45-dP_AB_90+dP_tank; %Pressure at point B 

[kPa] 
%disp(P_B); 
%Calculations from point B to point C 
%Sensible Heating Zone - Assume only liquid  
P_sat_1=refpropm('P','T',T_A,'Q',0,'nitrogen','methane','ethane','propane','bu

tane','pentane',[Nitrogen Methane Ethane Propane Nbutane Pentane]); 
P_sat_2=refpropm('P','T',(T_A+10),'Q',0,'nitrogen','methane','ethane','propane

','butane','pentane',[Nitrogen Methane Ethane Propane Nbutane Pentane]); 
dT_dP_sat=(10)/(P_sat_2-P_sat_1); %[K/kPa] saturation curve linearized about A 
% density at [kg/m^3] 
D_LNG_B=refpropm('D','T',T_A,'P',P_B,'nitrogen','methane','ethane','propane','

butane','pentane',[Nitrogen Methane Ethane Propane Nbutane Pentane]); 
dP_L_BC=(D_LNG_B*9.81)/1000; % [kPa/m] pressure gradient zone B to C  
dT_m=((T_GLY_in-T_LNG_out)-(T_GLY_out-T_A))/(log((T_GLY_in-

T_LNG_out)/(T_GLY_out-T_A))); %[K] Log-mean temp difference PBU 
Cp_LNG_B=refpropm('C','T',T_A,'P',P_B,'nitrogen','methane','ethane','propane',

'butane','pentane',[Nitrogen Methane Ethane Propane Nbutane Pentane]); 
U=UPBU(m_PBU,P_A,T_A); %[W/(m^2*K)] ftn calling overall heat transfer 

coefficient 
dT_L_BC=(pi*d_tube_i*n*U*dT_m)/(m_PBU*Cp_LNG_B); % [K/m] temperature gradient 

zone B to C  
P_BC_BA=(dT_dP_sat)/(dT_dP_sat+(dT_L_BC/dP_L_BC)); %Pressure change B minus C 

over presure change B minus A [-] 
L_BC=(h_BD)*P_BC_BA; %Length of Sensible Heating Zone (B to C) [m] 
V_BD=m_PBU/(D_LNG_B*(n*(pi/4)*(d_tube_i.^2))); %LNG velocity through PBU [m/s] 
%Turbulent Friction from B to C  
%Dynamic Viscocity at B [Pa*s] 
V_LNG_B=refpropm('V','T',T_A,'P',P_B,'nitrogen','methane','ethane','propane','

butane','pentane',[Nitrogen Methane Ethane Propane Nbutane Pentane]); 
Re_BD=m_PBU/((pi/4)*d_tube_i*V_LNG_B); 
Re_crit=2300*(1+8.6*((d_tube_i/(2*r_coil)).^0.45)); 
%disp(Re_BD); 
if Re_BD < Re_crit 
    dP_BC_sr=0;  
else 
    f_BD=colebrook(Re_BD,(e_AB/d_tube_i)); 
    dP_BC_sr=(f_BD*L_BC*D_LNG_B*(V_BD.^2)*(1/(2*d_tube_i))/1000); %Pressure 

drop in Zone B to C b/c of friction [kPa] 
end  
%Calculating the pressure at point C [kPa] 
P_C=P_B-(P_BC_BA*(P_B-P_A))-dP_BC_sr;%[kPa] 
%disp(P_C); 
%Temperature at point C [K] 
T_C=refpropm('T','P',P_C,'Q',0,'nitrogen','methane','ethane','propane','butane

','pentane',[Nitrogen Methane Ethane Propane Nbutane Pentane]); 

  
%Calculation from point C to point D  
L_CD=h_BD-L_BC; %Length of Vaporization zone from C to D 
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%Assuming exit fractional vaporization  
x_e=1; %Assumed vapor quality at exit  
x_f=(x_e)/3; %assumed vapor quality for friction pressure drop calcs 

  
%This section accounts for friction loss in section C to D 
%Dyanmic Viscoity of liquid at C [Pa*s] 
V_LNG_C_l=refpropm('V','P',P_C,'Q',0,'nitrogen','methane','ethane','propane','

butane','pentane',[Nitrogen Methane Ethane Propane Nbutane Pentane]); 
%Dynamic Viscoity of vapor at C [Pa*s] 
V_LNG_C_v=refpropm('V','P',P_C,'Q',1,'nitrogen','methane','ethane','propane','

butane','pentane',[Nitrogen Methane Ethane Propane Nbutane Pentane]); 
%Density of liquid at C [kg/m^3] 
D_LNG_C_l=refpropm('D','P',P_C,'Q',0,'nitrogen','methane','ethane','propane','

butane','pentane',[Nitrogen Methane Ethane Propane Nbutane Pentane]); 
%Density of vapor at C [kg/m^3] 
D_LNG_C_v=refpropm('D','P',P_C,'Q',1,'nitrogen','methane','ethane','propane','

butane','pentane',[Nitrogen Methane Ethane Propane Nbutane Pentane]); 
%Lockhart-Martinelli parameter [-] 
%Assume liquid and vapor are turbulent  
X_tt_1=(((1-

x_f)/x_f).^0.9)*((D_LNG_C_v/D_LNG_C_l).^0.5)*((V_LNG_C_l/V_LNG_C_v).^0.1); 
%Homogenous two phase density [kg/m^3] 
rho_tp_homo=1/((x_f/D_LNG_C_v)+((1-x_f)/D_LNG_C_l)); 
%First calculate the slip ration (SR) using the Chislom Correlation  
if X_tt_1>1 
    SR=(D_LNG_C_l/rho_tp_homo).^0.5; 
else  
    SR=(D_LNG_C_l/D_LNG_C_v).^0.25; 
end  
%Void Fraction [-] 
e_vo=x_f/(x_f+(SR*(1-x_f)*(D_LNG_C_l/D_LNG_C_v))); 
%Average two phase density [kg/m^3] 
rho_tp_avg=(e_vo*D_LNG_C_v)+((1-e_vo)*D_LNG_C_l); 

  
%Average Two-phase multiplier sqrted [-] 
x_avg=(x_e*2)/3; 
Y_tp=((D_LNG_C_l/D_LNG_C_v).^0.5)*((V_LNG_C_v/V_LNG_C_l).^(.25/2)); 
Phi_sqrd_avg=((Y_tp.^2)*(x_avg.^3))+((1+2*x_avg*((Y_tp.^2)-1))*(1-

x_avg).^(1/3)); 

  
%Exit Two-phase multiplier sqrted [-] 
Phi_sqrd_exit=((Y_tp.^2)*(x_e.^3))+((1+2*x_e*((Y_tp.^2)-1))*(1-x_e).^(1/3)); 

  
%Exit Void Fraction [] 
X_tt_exit=(((1-

x_e)/x_e).^0.9)*((D_LNG_C_v/D_LNG_C_l).^0.5)*((V_LNG_C_l/V_LNG_C_v).^0.1); 
if X_tt_exit>1 
    SR_exit=(D_LNG_C_l/rho_tp_homo).^0.5; 
else  
    SR_exit=(D_LNG_C_l/D_LNG_C_v).^0.25; 
end  
%Exit Void Fraction [-] 
e_vo_ext=x_e/(x_e+(SR_exit*(1-x_e)*(D_LNG_C_l/D_LNG_C_v))); 

  
%Acceleration Pressure drop C to D [kPa] 
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dP_CD_acc=((((m_PBU/(n*(pi/4)*d_tube_i.^2))).^2)/D_LNG_C_l)*x_e*((D_LNG_C_l/D_

LNG_C_v)-1)/1000; 
%Calculating liquid friction pressure drop from C to D [kPa] 
dP_CD_l=(f_BD*L_CD*D_LNG_C_l*(V_BD.^2)*(1/(2*d_tube_i))/1000); 
%Calculating the two-phase friction pressure drop from C to D [kPa] 
dP_CD_f=Phi_sqrd_avg*dP_CD_l; 
%Calculating static two-phase pressure drop from C to D [kPa] 
dP_CD_s=(9.81*rho_tp_avg*L_CD)/1000; 

  
%Pressure at point D [kPa] 
P_D=P_C-dP_CD_acc-dP_CD_f-dP_CD_s; 
%disp(P_D); 

  
%Pressure drop from point D to point A 
%Assume that the LNG is fully vaporized x_DA=1 
%Density of liquid at D [kg/m^3] 
D_LNG_D=refpropm('D','P',P_D,'Q',1,'nitrogen','methane','ethane','propane','bu

tane','pentane',[Nitrogen Methane Ethane Propane Nbutane Pentane]); 
%Dynamic Viscoity of vapor at D [Pa*s] 
V_LNG_D=refpropm('V','P',P_D,'Q',1,'nitrogen','methane','ethane','propane','bu

tane','pentane',[Nitrogen Methane Ethane Propane Nbutane Pentane]); 
%Guess circulation speed of LNG in D to A [m/s] 
V_DA=m_PBU/(D_LNG_D*((pi/4)*(d_inner_DA.^2))); 
%Guess Reynold's number from D to A [-] 
Re_DA=(m_PBU/((pi/4)*(d_inner_DA)))/V_LNG_D; 
%Calculating friction factor in the pipe [-] 
%The turbulent friction factor uses the Colebrook white  
if Re_DA>2300 
    f_d_DA=colebrook(Re_DA,(e_DA/d_inner_DA)); 
else  
    f_d_DA=64/Re_DA; 
end  
%term for the pressure drop from D to A because of pipe roughness [kPa] 
dP_DA_sr=(f_d_DA*L_DA*D_LNG_D*(V_DA.^2)*(1/(2*d_inner_DA))/1000); %this term 

accounts for surface roughness  
%this term accounts for minor losses from valves and bends 
%there is one globe valve (HV113) and at least one 45 deg bend and one 90 
%deg bend in the design 
dP_DA_globe=340*f_d_DA*(V_DA.^2)*(1/(2*d_inner_DA))/1000; %pressure loss from 

globe valve 
dP_DA_45=16*f_d_DA*(V_DA.^2)*(1/(2*d_inner_DA))/1000; %pressure loss from 45 

deg bend 
dP_DA_90=30*f_d_DA*(V_DA.^2)*(1/(2*d_inner_DA))/1000; %pressure loss from 90 

deg bend  

  
%Calculating the pressure at the liquid surface  
P_surface=P_D-dP_DA_sr-dP_DA_globe-dP_DA_45-dP_DA_90; %Pressure at surface 

[kPa] 
%disp(P_surface); 
end 

  
X=[X;P_A m_PBU]; %Stores P_A and m_PBU 
P_A=P_A+dP_loop; %Resets P_A 
m_PBU=0; %Resets m_PBU 
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end  

  
figure(1); 
plot(X(:,1),X(:,2)) 
xlabel('Top Tank Pressure [kPa]','FontSize',12) 
ylabel('Mass Flowrate [kg/s]','FontSize',12) 
title('\itMass Flowrate through PBU versus Top Tank Pressure','FontSize',16) 
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Appendix I: Iterative Vapor Pressurization 

In order to calculate the pressurization of the top of the LNG tank in MATLAB it was necessary 

to modify Equations (63), (64), and (65) so they could be iterated. Equations (99), (100), and 

(101) represent an iterative form of Equations (63), (64), and (65).  
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The initial conditions used in these iterations are provided in Table 17. A 10 sec time step was 

selected for these calculations.
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Appendix J: MATLAB program idealized tank pressurization 
clear all  
clc  
%Mole fraction of LNG  
Nitrogen=0.005; 
Methane=0.95; 
Ethane=0.0383; 
Propane=0.0055; 
Isobutane=0.0025; 
Nbutane=0.0007; 
Pentane=0.0005; 

  
%Constants 
V=117; %[m^3] Vapor Volume based on measured  

  
%Initial Top Tank Conditions  
P_initial=400; %[kPa] 
T_initial=294; %[K] 
D_initial_liquid=refpropm('D','P',P_initial,'Q',0,'nitrogen','methane','ethane

','propane','butane','pentane',[Nitrogen Methane Ethane Propane Nbutane 

Pentane]);  
D_initial=refpropm('D','T',T_initial,'P',P_initial,'nitrogen','methane','ethan

e','propane','butane','pentane',[Nitrogen Methane Ethane Propane Nbutane 

Pentane]);  
M_initial=refpropm('M','T',T_initial,'P',P_initial,'nitrogen','methane','ethan

e','propane' ,'butane','pentane',[Nitrogen Methane Ethane Propane Nbutane 

Pentane]);  
%Initial Variables  
P=P_initial; 
T=T_initial; 
D=D_initial; 
t=0; 

  
%Forward Loop  
%Conservation of mass  
dt=1; %[s] step size  

  
X=[]; 

  
while P<495 
    if t>100000 
        disp('too much time') 
        break 
    end  
K=refpropm('K','T',T,'P',P,'nitrogen','methane','ethane','propane','butane','p

entane',[Nitrogen Methane Ethane Propane Nbutane Pentane]);      
m_PBU=(0.0016*P)+0.1316; 
D_f=((m_PBU*dt)/V)+D; %density after step  
P_f=P*((D_f/D).^K); %Pressure after step 
T_f=T*((D_f/D).^(K-1)); %Temperature after step 
X=[X;P_f T_f D_f]; %Stores P,T and D 
ZZ=m_PBU; %Records the PBU within each timestep 
D=D_f; %Resets D 
P=P_f; %Resets P 
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T=T_f; % Resets T 

  
end 

  

  
steps=length(X(:,1)); 
t=steps*dt; 
time=linspace(0,t,steps); 
% Calculating the Percent Volume Change from the PBU 
PBUmass=sum(ZZ)*dt; %Total LNG Vaporized in pressurization  
PBUvolume=PBUmass/D_initial_liquid; %Total LNG Volume Vaporized  
InitialLiquidMass=D_initial_liquid*V; %Total initial LNG in tank 
PercentTankMass=PBUmass/InitialLiquidMass; %Percent LNG mass vaporized 
PercentTankVolume=PBUvolume/V; %Percent LNG volume vaporized  

  
% Calculating the Percent Volume Change from the NG Engines  

  

  
disp([num2str(t) 's Pressurization Time']) 
disp([num2str(PBUmass) 'kg Liquid Mass Vaporized']) 
disp([num2str(PBUvolume) 'm^3 LNG Volume Vaporized'])  
disp([num2str(PercentTankMass) '% LNG Vaporized to Total Liquid Mass']) 
disp([num2str(PercentTankVolume) '% Percent Liquid Volume Change']) 

  

  
figure(1); 
plot(time,X(:,1)) 
xlabel('Time [s]','FontSize',12) 
ylabel('Pressure [kPa]','FontSize',12) 
title('\itPressurization Time from 400 kPa to 500 kPa','FontSize',16) 
figure(2); 
plot(time,X(:,2)) 
xlabel('Time [s]','FontSize',12) 
ylabel('Vapor Density [kg/m^3]','FontSize',12) 
title('\itVapor Density Change During Pressurization','FontSize',16) 
figure(3); 
plot(time,X(:,3)) 
xlabel('Time [s]','FontSize',12) 
ylabel('Ration of Specific Heats (Cp/Cv)','FontSize',12) 
title('\itRation of Specific Heats During Pressurization','FontSize',16) 
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Appendix K: MATLAB code for mixing calculation 
clear all  
clc  
%Initial LNG mole fractions  
Nitrogen_LNGi=0.005; 
Methane_LNGi=0.950; 
Ethane_LNGi=0.0383; 
Propane_LNGi=0.0055; 
Nbutane_LNGi=0.0007; 
Pentane_LNGi=0.0005; 

  
%Initial Vapor Parameters [kPa]  
P_vi=500; % [kPa] initial tank pressure  
T_vi=228; % [K] initial vapor temperature  

  
%Initial Heel Parameters [K] 
T_offset=11; %[K] Offset between the saturated temperature and heel 

temperature   
T_LNGi=(-

T_offset)+refpropm('T','P',P_vi,'Q',0,'nitrogen','methane','ethane','propane',

'butane','pentane',[Nitrogen_LNGi Methane_LNGi Ethane_LNGi Propane_LNGi 

Nbutane_LNGi Pentane_LNGi]);  

  
%Initial NG mole fractions (Raoult's Law) 
%Mole Fraction (N2) 
if T_vi>126.19 
    T_N2i=126.19; 
else 
    T_N2i=T_vi; 
end 
P_satN2i=refpropm('P','T',T_N2i,'Q',1,'nitrogen'); 
Nitrogen_NGi=(Nitrogen_LNGi*P_satN2i)/P_vi; 
%Mol Fraction (C2) 
P_satC2i=refpropm('P','T',T_vi,'Q',1,'ethane'); 
Ethane_NGi=(Ethane_LNGi*P_satC2i)/P_vi; 
%Mol Fraction (C3) 
P_satC3i=refpropm('P','T',T_vi,'Q',1,'propane'); 
Propane_NGi=(Propane_LNGi*P_satC3i)/P_vi; 
%Mol Fraction (C4) 
P_satC4i=refpropm('P','T',T_vi,'Q',1,'butane'); 
Nbutane_NGi=(Nbutane_LNGi*P_satC4i)/P_vi; 
%Mol Fraction (C5) 
P_satC5i=refpropm('P','T',T_vi,'Q',1,'pentane'); 
Pentane_NGi=(Pentane_LNGi*P_satC5i)/P_vi; 
%Mol Fraction (C1) 
Methane_NGi=1-(Nitrogen_NGi+Ethane_NGi+Propane_NGi+Nbutane_NGi+Pentane_NGi); 

  

  

  
%Initial Ethalpy [kJ/kg] and Density [kg/m^3] (LNG)  
h_LNGi=(1/1000)*refpropm('H','T',T_LNGi,'P',P_vi,'nitrogen','methane','ethane'

,'propane','butane','pentane',[Nitrogen_LNGi Methane_LNGi Ethane_LNGi 

Propane_LNGi Nbutane_LNGi Pentane_LNGi]); 
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d_LNGi=refpropm('D','T',T_LNGi,'P',P_vi,'nitrogen','methane','ethane','propane

','butane','pentane',[Nitrogen_LNGi Methane_LNGi Ethane_LNGi Propane_LNGi 

Nbutane_LNGi Pentane_LNGi]); 
%Initial Ethalpy [kJ/kg] and Density [kg/m^3] (NG)  
h_NGi=(1/1000)*refpropm('H','T',T_vi,'P',P_vi,'nitrogen','methane','ethane','p

ropane','butane','pentane',[Nitrogen_NGi Methane_NGi Ethane_NGi Propane_NGi 

Nbutane_NGi Pentane_NGi]); 
d_NGi=refpropm('D','T',T_vi,'P',P_vi,'nitrogen','methane','ethane','propane','

butane','pentane',[Nitrogen_NGi Methane_NGi Ethane_NGi Propane_NGi Nbutane_NGi 

Pentane_NGi]); 
%Total Volume 
V_tot=234; 
Perc_liq=0.1; 
V_NGi=V_tot*(1-Perc_liq); 
V_LNGi=V_tot*(Perc_liq); 

  
%Initial Energy and Mass (LNG) 
E_LNGi=h_LNGi*d_LNGi*V_LNGi; 
m_LNGi=d_LNGi*V_LNGi; 

  
%Initial Energy and Mass (NG)  
E_NGi=h_NGi*d_NGi*V_NGi; 
m_NGi=d_NGi*V_NGi; 

  
%Total Tank Energy and Mass (LNG+NG) 
E_tot_given=E_LNGi+E_NGi 
m_tot_given=m_LNGi+m_NGi; 

  
%Total initial moles [NG] 
%Average Molar Mass NGi [kg/mol] 
M_NGi=(1/1000)*refpropm('M','T',T_vi,'P',P_vi,'nitrogen','methane','ethane','p

ropane','butane','pentane',[Nitrogen_NGi Methane_NGi Ethane_NGi Propane_NGi 

Nbutane_NGi Pentane_NGi]); 
%Total moles in NGi (kmol) 
n_NGi=(m_NGi/M_NGi)*(1/1000); 

  
%Total initial moles [LNG] 
%Average Molar Mass NGi [kg/mol] 
M_LNGi=(1/1000)*refpropm('M','T',T_LNGi,'P',P_vi,'nitrogen','methane','ethane'

,'propane','butane','pentane',[Nitrogen_LNGi Methane_LNGi Ethane_LNGi 

Propane_LNGi Nbutane_LNGi Pentane_LNGi]); 
%Total moles in NGi (kmol) 
n_LNGi=(m_LNGi/M_LNGi)*(1/1000); 

  
%Conditions after mixing  
%P_sat is varied until E_initial = E_final  
%Use the Loop below to alter the Saturation Pressure  
%P_vf= 200; %initial pressure for iteration 
e_tol_energy=500; %Allowable difference in energy initial and energy final 
E_tot_calc=0; %to initialize energy   

  

  
%Initialization 
n_NGf=0; %Initializes the Composition Loop  
Nitrogen_NGf=0; 
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Methane_NGf=0; 
Ethane_NGf=0; 
Propane_NGf=0; 
Nbutane_NGf=0; 
Pentane_NGf=0; 
Nitrogen_LNGf=0; 
Methane_LNGf=0; 
Ethane_LNGf=0; 
Propane_LNGf=0; 
Nbutane_LNGf=0; 
Pentane_LNGf=0; 
%Final Liquid and Vapor Temperature (Guess) 
T_vf=126.3251; 

  
while (abs(E_tot_given - E_tot_calc) > e_tol_energy) 
T_vf=T_vf+0.0001; 

  
P_vf=(T_vf*n_NGi*8.314462175)/V_NGi; 

     
    if P_vf < 180; 
        disp('Did not converge'); 
        break 
    end 

     

     
%Vapor Mole Composition   
%Nitrogen 
if T_vf>126.19 
    T_N2f=126.19; 
else 
    T_N2f=T_vf; 
end 
P_satN2f=refpropm('P','T',T_N2f,'Q',1,'nitrogen'); 
Nitrogen_NGf=(Nitrogen_LNGi*P_satN2f)/P_vf; 
%Ethane 
if T_vf > 90.37 
    T_C2f=T_vf; 
else 
    T_C2f=90.368; 
end  
P_satC2f_NG=refpropm('P','T',T_C2f,'Q',1,'ethane'); 
Ethane_NGf=(Ethane_LNGi*P_satC2f_NG)/P_vf; 
%Propane 
P_satC3f_NG=refpropm('P','T',T_vf,'Q',1,'propane'); 
Propane_NGf=(Propane_LNGi*P_satC3f_NG)/P_vf; 
%Nbutane 
if T_vf < 134.90 
    T_C4f=134.90; 
else 
    T_C4f=T_vf; 
end 
P_satC4f_NG=refpropm('P','T',T_C4f,'Q',1,'butane'); 
Nbutane_NGf=(Nbutane_LNGi*P_satC4f_NG)/P_vf; 
%Pethane 
if T_vf < 143.47 
    T_C5=143.47; 
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else 
    T_C5=T_vf; 
end 
P_satC5f_NG=refpropm('P','T',T_C5,'Q',1,'pentane'); 
Pentane_NGf=(Pentane_LNGi*P_satC5f_NG)/P_vf; 
%Methane 
Methane_NGf=1-(Nitrogen_NGf+Ethane_NGf+Propane_NGf+Nbutane_NGf+Pentane_NGf); 

  
%Liquid Mole Composition  
delta_Nitrogen=(Nitrogen_NGi-Nitrogen_NGf)*n_NGi; %Total moles ethane changed 

in vapor  
Nitrogen_LNGf=((Nitrogen_LNGi*n_LNGi)+delta_Nitrogen)/n_LNGi; 
delta_Ethane=(Ethane_NGi-Ethane_NGf)*n_NGi; %Total moles ethane changed in 

vapor  
Ethane_LNGf=((Ethane_LNGi*n_LNGi)+delta_Ethane)/n_LNGi; 
delta_Propane=(Propane_NGi-Propane_NGf)*n_NGi; %Total moles ethane changed in 

vapor  
Propane_LNGf=((Propane_LNGi*n_LNGi)+delta_Propane)/n_LNGi; 
delta_Nbutane=(Nbutane_NGi-Nbutane_NGf)*n_NGi; %Total moles ethane changed in 

vapor  
Nbutane_LNGf=((Nbutane_LNGi*n_LNGi)+delta_Nbutane)/n_LNGi; 
delta_Pentane=(Pentane_NGi-Pentane_NGf)*n_NGi; %Total moles ethane changed in 

vapor  
Pentane_LNGf=((Pentane_LNGi*n_LNGi)+delta_Pentane)/n_LNGi; 
delta_Methane=(Methane_NGi-Methane_NGf)*n_NGi; %Total moles ethane changed in 

vapor  
Methane_LNGf=((Methane_LNGi*n_LNGi)+delta_Methane)/n_LNGi; 

  
%NGf Physical Properties 
d_NGf=refpropm('D','T',T_vf,'P',P_vf,'nitrogen','methane','ethane','propane','

butane','pentane',[Nitrogen_NGf Methane_NGf Ethane_NGf Propane_NGf Nbutane_NGf 

Pentane_NGf]); 
m_NGf=d_NGf*V_NGi; 
M_NGf=(1/1000)*refpropm('M','T',T_vf,'P',P_vf,'nitrogen','methane','ethane','p

ropane','butane','pentane',[Nitrogen_NGf Methane_NGf Ethane_NGf Propane_NGf 

Nbutane_NGf Pentane_NGf]); 
n_NGf=(m_NGf/M_NGf)*(1/1000); %Calculates a new total vapor moles 
Z_vf=refpropm('Z','T',T_vf,'P',P_vf,'nitrogen','methane','ethane','propane','b

utane','pentane',[Nitrogen_NGf Methane_NGf Ethane_NGf Propane_NGf Nbutane_NGf 

Pentane_NGf]);  
T_vf=(P_vf*V_NGi)/(Z_vf*n_NGf*8.314462175); %Calculates a new vapor 

temperature 

  

  
%Final Ethalpy [kJ/kg] and Density [kg/m^3] (LNG)  
h_LNGf=(1/1000)*refpropm('H','T',T_vf,'P',P_vf,'nitrogen','methane','ethane','

propane','butane','pentane',[Nitrogen_LNGf Methane_LNGf Ethane_LNGf 

Propane_LNGf Nbutane_LNGf Pentane_LNGf]); 
d_LNGf=refpropm('D','T',T_vf,'P',P_vf,'nitrogen','methane','ethane','propane',

'butane','pentane',[Nitrogen_LNGf Methane_LNGf Ethane_LNGf Propane_LNGf 

Nbutane_LNGf Pentane_LNGf]); 
%Final Ethalpy [kJ/kg] and Density [kg/m^3] (NG)  
h_NGf=(1/1000)*refpropm('H','T',T_vf,'P',P_vf,'nitrogen','methane','ethane','p

ropane','butane','pentane',[Nitrogen_NGf Methane_NGf Ethane_NGf Propane_NGf 

Nbutane_NGf Pentane_NGf]); 
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d_NGf=refpropm('D','T',T_vf,'P',P_vf,'nitrogen','methane','ethane','propane','

butane','pentane',[Nitrogen_NGf Methane_NGf Ethane_NGf Propane_NGf Nbutane_NGf 

Pentane_NGf]); 

  
%Final Volume (LNG) 
V_LNGf=(m_tot_given-(V_tot*d_NGf))/(d_LNGf-d_NGf); 
V_NGf=V_tot-V_LNGf; 

  

  

  
%Final Energy and Mass (LNG) 
E_LNGf=h_LNGf*d_LNGf*V_LNGf; 
m_LNGf=d_LNGf*V_LNGf; 

  
%Final Energy and Mass (NG)  
E_NGf=h_NGf*d_NGf*V_NGf; 
m_NGf=d_NGf*V_NGf; 

  
%Total final moles [NG] 
%Average Molar Mass NGf [kg/mol] 
%M_NGf=(1/1000)*refpropm('M','T',T_vi,'P',P_vi,'nitrogen','methane','ethane','

propane','butane','pentane',[Nitrogen_NGf Methane_NGf Ethane_NGf Propane_NGf 

Nbutane_NGf Pentane_NGf]); 
%Total moles in NGi (kmol) 
%n_NGf=(m_NGf/M_NGf)*(1/1000); 

  
%Total Tank Energy and Mass (LNG+NG) 
E_tot_calc=E_LNGf+E_NGf 
m_tot_calc=m_LNGf+m_NGf; 

  
end 

  
disp([num2str(P_vf) ' Final Tank Pressure [kPa]']) 
disp([num2str(T_vf) ' Final Tank Temperature [K]']) 

  
%Display the initial LNG and NG composition 
disp([num2str( Nitrogen_LNGi) ' LNG Mol Frac N2']) 
disp([num2str( Methane_LNGi) ' LNG Mol Frac C1']) 
disp([num2str( Ethane_LNGi) ' LNG Mol Frac C2']) 
disp([num2str( Propane_LNGi) ' LNG Mol Frac C3']) 
disp([num2str( Nbutane_LNGi) ' LNG Mol Frac C4']) 
disp([num2str( Pentane_LNGi) ' LNG Mol Frac C5']) 

  
disp([num2str( Nitrogen_NGi) ' NG Mol Frac N2']) 
disp([num2str( Methane_NGi) ' NG Mol Frac C1']) 
disp([num2str( Ethane_NGi) ' NG Mol Frac C2']) 
disp([num2str( Propane_NGi) ' NG Mol Frac C3']) 
disp([num2str( Nbutane_NGi) ' NG Mol Frac C4']) 
disp([num2str( Pentane_NGi) ' NG Mol Frac C5']) 

  
%Display the final LNG and NG composition 

  
disp([num2str( Nitrogen_NGf) ' Final NG Mol Frac N2']) 
disp([num2str( Methane_NGf) ' Final NG Mol Frac C1']) 
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disp([num2str( Ethane_NGf) ' Final NG Mol Frac C2']) 
disp([num2str( Propane_NGf) ' Final NG Mol Frac C3']) 
disp([num2str( Nbutane_NGf) ' Final NG Mol Frac C4']) 
disp([num2str( Pentane_NGf) ' Final NG Mol Frac C5']) 
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Appendix L: Required Purge Time  

In the measurement campaign, the asymptotic tank pressure achieved during top tank purging 

was used as a way to calculate the liquid bubble point temperature of the heel. This temperature 

was indicative of the liquid surface temperature. An estimate was performed to determine the 

amount of time the tank should be purged in order to achieve saturated conditions.  

Bernoulli’s Law was used to estimate the time required to purge the tank before liquid 

evaporation began. A simplified version of Bernoulli’s equation is provided in Equation (102). 

State 1 refers to the conditions inside the LNG tank and state 2 refers to the conditions outside the 

LNG tank. 

       
                  

           
 

(102) 

 

It may be assumed that the difference in vertical height between the first and second state is 

negligible. The density of the natural gas may also be assumed to be constant and the initial 

velocity of the NG in the tank is zero. Additionally, it may be assumed that the final pressure at 

state two is atmospheric conditions (1.013 bara). Equation (102) is reduced to Equation (103).  

           
     

 

(103) 

 

Equation (103) may be rearranged to Equation (104) which provides the final velocity from the 

LNG tank. 

   √
      

      
 

 

(104) 

 

When multiplied by the diameter of the top tank filling line from which the tank is purged, the 

NG volume from the LNG tank may be calculated.  

   
 

 
   

 √
      

      
 

 

(105) 

 

Finally, multiplying the volume flow from the tank by the total vapor volume in the tank 

indicates a conservative amount of time required to empty the initial contents of the tank during 

purging. 

          

 

 
   

 √
      

      
 

 

(106) 

 

The parameters used to estimate the purging time for MF Korsfjord is listed in Table 31 as well 

as the estimated purging time.  
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Table 31: Purging Time Parameters for E3 

Parameter Symbol Experiment E3 Units 

Initial Tank Pressure    477.13 kPa 

Atmospheric Pressure    101.13 kPa 

NG Density     4.36 kg/m^3 

Top Fill Pipe Diameter     0.100 M 

Vapor Volume     97.84 m^3 

Purge Time        319 s 
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Appendix M: Water Glycol Temperature Measurements from E2 

Figure 78 shows the recorded temperatures from the K-type thermocouples attached to the 

surface of the water glycol piping as well as the installed PT-100. The fact that the temperatures 

measured by the thermocouples move in the same direction over time suggest that this 

temperature is more accurate than the installed temperature sensors on MF Korsfjord.  

 

Figure 78: Water Glycol Temperature Measurements during E2 
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Appendix N: Water Glycol Volume Flow Measurements / Allweiler Pump Curve  

Figure 79 shows a volume flow measurement collected during E2 over approximately a 60 

minute period using the Ultraflux UF801 Flowmeter on MF Korsfjord. Figure 80 shows the 

corresponding pump characteristic curves on MF Korsfjord and KV Bergen which indicates the 

measured volume flow is within the published capacity of the installed pump.  

 

Figure 79: Water Glycol Volume Flow during E2 
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Figure 80: Allweiler Pump Performance Curves 

 



166 
 

Appendix O: Description of the Water Glycol System  
The following is a brief description of the different components that make up the water glycol 

heat transfer system on MF Korsfjord. Figure 81 provides an overview of the different 

components that make up the heat transfer system on MF Korsfjord.  

 

 

 

 

 

 

 

 

Heat Exchanger for Central Heating

Hot Water Boiler

Boiler Circulation System
Heat Exchanger for Diesel Generator

Heat Exchanger for LNG Evaporator

Heat Exchanger for SB Gas Engine
Heat Exchanger for PS Gas Engine

LNG Tank

LNG Vaporizer

 

Figure 81: Water Glycol Heat Exchanger System 

The following components reject heat to the Heat Exchanger System on MF Korsfjord: the Hot 

Water Boiler System, Diesel Generator, Port Side Gas Engine, and Starboard Side Gas Engine. 

According to the Chief Engineer on MF Korsfjord, the water glycol temperature exiting the LNG 

Vaporizer is controlled by an Amot thermo-mechanical valve made of copper which regulates the 

heat transferred from the main heat exchanger network to the water glycol network connected to 

the LNG Vaporizer. This valve is indicated by a blue line in Figure 81. A picture of the Amot 

thermo-mechanical vale is shown in Figure 82. The Amot valve ensures that the exit temperature 

of the water glycol exiting the LNG Vaporizer is roughly 32C. This is done so that complete 

freeze out does not occur inside the water glycol circuit running through the LNG Vaporizer. The 
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Heat Exchanger for the LNG Evaporator connected to the water glycol network is shown in 

Figure 83.  

 

Figure 82: Amot Thermo-Mechanical Valve 

 

Figure 83: LNG Evaporator Circuit Heat Exchanger 
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Since heat supplied to the water glycol flow within the LNG Vaporizer circuit comes from 

multiple sources (including the ship’s boiler which is able to store hot water while the ship is not 

operating along-side the pier), the NG gas engines are not required to be in operation while using 

the PBU circuit. This is the reason why it is possible to build up the top tank pressure the day 

after bunkering before the NG engines are started.   

 


