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Abstract: In this paper a Modified Three-District Model was introduced to study the marine medium-sized horizontal 
LNG storage tank. The horizontal cryogenic tank evaporation rate and the lossless storage time with the liquid nitrogen 
were experimented. The maximum error of the pressure change and the lossless storage time obtained by the modified 
Three-District Model and by the experiment was observed to be only about 4.7%. So the applicability and reliability of the 
modified model for marine medium-sized horizontal LNG storage tank have been verified. Furthermore, based on the ma-
rine horizontal LNG storage tank with an effective volume of 250 m3 in a dual fuel-filled barge, the forecast analysis on 
the pressure change under different conditions of fullness rate, environmental temperature and heat leakage has also been 
discussed.  
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INTRODUCTION 

In view of the importance of lossless storage in cryogenic 
liquid storage and transportation process, since the 1980s, a 
variety of models have been put forward to simulate the 
thermal process in the container, and many calculation pro-
grams have been done to predict the performance of cryo-
genic vessels [1-4]. But now, most researches have been 
focussing on the small and medium-sized vertical cryogenic 
storage tank with an initial fullness of not more than 90%. 
Under the condition of the initial rate of 95%, medium-sized 
marine horizontal cryogenic storage tank differs from the 
vertical storage tanks in the existence of an unstable region 
near the bottom of the tank in the horizontal cryogenic tank. 
Besides, under certain conditions, the boundary layer will be 
separated from the concave wall. In addition, the dynamic 
changes of the heat leakage in the vapor space are not con-
sidered in the traditional thermodynamic model, resulting in 
large deviations in the later boost [5]. On the basis of that, a 
modified Three-District Model storage calculation model has 
been introduced in this paper. The applicability and reliabil-
ity of the established model were validated by experiments 
on marine medium-sized horizontal cryogenic storage tanks. 
While the laws of the lossless storage on LNG cryogenic 
storage tank in the effective volume of 250 m3 were also 
studied by the established model. 

RESEARCH OBJECT 

The structure of the studied horizontal cryogenic tanks is 
made up of cryogenic insulation bivalve, which are support-
ed by the saddle bearing. Geometric volume is 263.2 m3,  
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the effective volume is 250 m3, and the value of inner pot 
surface area is 299.9 m2, and the insulation is in the form of 
vacuum powder. The basic structure of the tank is shown in 
Fig. (1). 
 

 
Fig. (1). The basic structure of the tank. 
 
MODIFIED THREE-REGION MODEL 

Heat flow processes in the horizontal cryogenic storage 
tank is shown in Fig. (2). The outside heat mainly enters into 
the tank from the contact points on the tank wall surrounded 
by low temperature liquid. The liquid near the thin layer ris-
es along the tank wall after being heated. The liquid forms a 
boundary layer alongside the wall with its upward move-
ment. At the same time the heat which is constantly leaking 
is absorbed into the tank from the outside environment. And 
when the layer develops up to the intersect interface of the 
liquid and vapor, the liquid then flows to the central area. 
After which, the cryogenic liquid starts to converge. Similar-
ly, the cryogenic liquid at the bottom will also move upward, 
and merges with the liquid mentioned above, forming a cir-
culation process within the storage tank. Similar to the liquid 
space, the natural convections of vapors on the wall and liq-
uid-vapor interface also exist in the vapor space. 

The main assumptions for building the lossless storage 
model in cryogenic tank are expressed as follows [5, 6]: 
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Fig. (2). Heat flow processes in the horizontal cryogenic storage 
tank. 
 
(1)  On the basis of three-domain model and boundary layer 

theory, the fluids in cryogenic tank are divided into four 
parts: the vapor phase space, the thermal stratification re-
gion, the main body area, the boundary layer. 

(2) The total heat leakage per unit time for the cryogenic 
tank is assumed to have a constant value. The uneven 
heat leakage due to the tank structure is ignored, and the 
heat flux densities are assumed to be the same in all parts 
of the tank. So the heat leakage of the vapor phase space 
and liquid phase space can be calculated by the theory of 
vapor phase space. 

(3)  The nucleate boiling cannot be formed due to the low 
heat flux density of the heat leakage. The flow state of 
tank fluids and boundary layer are turbulent flow.  

(4)  There is a vapor-liquid interface between the vapor phase 
space and thermal stratification region. That the tempera-
ture is the saturation temperature under the corresponding 
pressure, and no volume and quality exist on the vapor-
liquid interface, are also assumed. 

(5)  The temperature in the vapor phase space, the thermal 
stratification region and the main body area are all uni-
form. Vapor phase space is filled with the overheating 
vapor. Besides, the main body area is occupied by the 
super-cooled liquid. Furthermore the temperature in 
thermal stratification region is higher than the main body 
area. 

(6) The fluid boundary layer is supposed to be stable, and the 
quality of inflow through the boundary layer per unit 
time equals to the outflow; meanwhile the portion flow 
fluids was heated by the absorbed heat.  

(7)  The absorbed heat is calculated by the demarcation point 
between start point and off point. The absorbed heat from 
fluid boundary is used for evaporation of cryogenic liq-
uid and heating of thermal stratification region, while the 
residual heat is used for heating up the main body. 
The liquid nitrogen in the horizontal tank is selected as 

the research object. Q is used to express the total heat leak-
age unit time. The process of heat and mass transfer in four 
regions of cryogenic liquid can be shown as follows: 
(1)  The total energy conservation equation: 

 
Q = ql ! Fwl + qg ! Fwg  (1) 

Where lq , gq  represent the heat leakage of the liquid 
phase space and vapor phase space in per unit area and per 
unit time in the storage tank, respectively, W/m2;  Fwl  and 

 
Fwg  represent the contact area of the internal face with liquid 
phase space and the vapor phase space, m2. 

Relationship of the heat leakage per unit area and per unit 
time between the liquid phase space and vapor phase space is 
decided by the heat leakage theory of the vapor phase space 
[7]: 
(2)  Energy conservation equation in boundary layer  

  mtdl ! htin " mtdl ! htout + Fwtdl !ql = 0  (2) 

Where, mtdl  stands for the fluid quality flowing into or out 
of the boundary layer per unit time; htin  is the fluid enthalpy 
flowing into the fluid boundary layer,  J / kg ;

 htout
 is the fluid 

enthalpy flowing out the fluid boundary layer,  J / kg ;
 Fwtdl

 is 
the contact area between the fluid boundary layer and inter-
nal face,  m2 , whose value is associated with the starting 
point and off point of the fluid boundary. If the boundary 
layer does not exist, Fwtdl  is equal to zero. 

(3)  Mass conservation equation of the main body area 

  
!
!"

(#tmbVtmb ) = mtdl  (3) 

Where, !tmb  is the density of main fluids in the storage 
tank,  kg / m3 ; Vtmb  is the volume of main fluids in the storage 
tank,  m3 . 
(4)  Energy conservation equation of the main body area 

  
!
!"

(#tmbVtmbhtin ) = Fwtmbql  (4) 

Where  Fwtmb  is the direct contact area between the inter-
nal face of the storage tank and the main fluid. The formula 
is  Fwtmb = Fwl ! Fwtdl ,   m2 . 
(5)  Liquid evaporation on vapor-liquid interface is: 

Gf = Gf1 + Gf2  (5) 
Where, Gf1 is the natural evaporation rate on the vapor-

liquid interface by the high temperature liquid in the bounda-
ry layer. Gf2 means the evaporation liquid rate which is 
caused by the vapor-liquid two-phase heat exchange on va-
por-liquid interface. Specific formula processing (see Ref [8]). 
(6)  Mass conservation of the thermal stratification region is  

  
!
!"

(#tsVts ) = mtdl $ G f  (6) 

Where, !ts  is the density of thermal stratification region, 
kg/m3; Vts  is the volume of thermal stratification region, m3. 
(7)  Energy conservation of the thermal stratification region is 

  
!
!"

(#tsVtshts ) = (mtdl $ G f ) % hs  (7) 

Where, hts  stands for the enthalpy of thermal stratification 
region, J/kg. 
(8)  Mass conservation equation of the vapor phase space is: 

( )g g fV G!
"
# =
#  

(8) 
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Where, ρg is the density of vapor in vapor phase space, 
kg/m3; Vg is the volume of vapor phase space, m3. 
(9)  Energy conservation equation of the vapor in vapor phase 

space 

  

!
!"

(#gVg hg ) =

Fwg $qg % Qf + G f 1hs
'' + G f 2 $ hg

 (9) 

Where, ''
sh  represents the enthalpy of saturated vapor un-

der the saturation temperature at the vapor-liquid interface, 
J/kg. 

Other equations include the total volume conservation 
equation, working medium state equation, and the tank ge-
ometry parameter equation. The set the temperature of the 
liquid fluid boundary layer is higher than the saturation tem-
perature, 0.1 K, which forms a complete analysis and calcu-
lation model. 

EXPRIMENTAL STUDIES 

According to the national standard GB/T18443.5, the 
steam flow rate method was selected to measure the flow 
rate of evaporation vapor, temperature and pressure at equi-
librium in this experiment, and the evaporation rate of cryo-
genic vessel was calculated under the condition of standard 
[9]. 

Experimental measurement system is shown in Fig. (3). 
Firstly, the fullness rate was taken as 95%. Experimental 
data was recorded every hour, and continuously for 48 hours 
after the system became stable. Then the storage was filled 
with liquid nitrogen with a fullness rate of 95% again after 
completing the above experiment. All valves of storage tank 
were closed and the vapor vaporizer, thermometer, mass 
flow meter were cut off. After this, the lossless storage ex-
periment was started. During the experiment the data acqui-
sition instrument was used to record the value of the chang-
ing pressure and temperature. The lossless storage experi-
ment was ended when the value of pressure in the storage 
tank reached 1.2 MPa. 

For the experiments on the static evaporation rates and 
the lossless storage on the same horizontal liquid nitrogen 
storage tank with the volume of 250 m3, the data of 
 

 
1—Checked storage tank; 2—Differential pressure level meter;  
3—Vent valve; 4—Carburetor; 5—Thermometer;  
6—Vapor mass flow meter 

Fig. (3). Measuring device schematic diagram. 
 

The daily average evaporation rate and storage tank 
evaporation rate through the experiment are shown in Table 
1 and Table 2, and in the lossless storage experiment, the 
changes of pressure in storage tank with time was shown in 
Fig. (4).  

Table 1.  Daily average evaporation rate in the process of 
experiment. 

Time 
Meter  

Reading 
(L/m) 

Atmospheric  
Pressure 

(MPa) 

Meter Inlet  
Temperature 

(ºC) 

Meter Inlet 
Pressure 

(kpa) 

24 hours 
before 

191.4 0.1005 31.525 100.77 

24 hours 
later 

189 0.1006 32.296 100.79 

 
Table 2.  Experimental results of storage tank evaporation 

rate. 

 
Test of Evapora-

tion Rate 
Static Evapora-

tion Rate 
Difference Value of 

Static Evaporation rate 

24 hours 
before 0.171% 0.16% (0.1614-0.1588)/ 

0.1614×100%=1.6% 
<5% 24 hours 

later 0.169% 0.16% 

 

 
Fig. (4). Pressure changes with time during the storage in the full-
ness rate of 95%. 
 

Under the conditions of the experimental environment 
parameters, the experiment indicated that the safe storage 
time for liquid nitrogen in the storage tank with the effective 
volume of 250 m3 was 51.042 days. 

According to the static evaporation rate (0.1588%) ob-
tained by the experiment on the low temperature liquid ni-
trogen storage tank, the total heat leakage per unit time for 
the fullness rate of 95% was 739.297W. 

COMPARISON AND ANALYSIS WITH MODIFIED 
MODEL 

The initial physic parameters were selected as follows: 
the initial ambient temperature was 305 K, the initial ambi-
ent pressure was 101325 Pa and the initial fullness rate was 
0.95. The laws of lossless storage can be obtained by the 
calculation program mentioned above, and the comparison of 
the experiment and the simulation are shown in Fig. (5). 
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Fig. (5). Comparisons of experiment and the simulation. 
 

From Fig. (5), it can be clearly seen that the pressure ob-
tained by the simulation agreed well with experimental data 
at the beginning, which indicates that the assumption of the 
modified model was suitable for the actual state in the initial 
stage. However, with the passage of time, the simulation 
results and experimental data had a certain bias that gradual-
ly increased. The maximum deviation was 4.7%, while the 
maximum deviation reached 9% by the original Three-
District Model. Thus, the predication generated by the modi-
fied model is more consistent with the experimental results. 
In short, the modified calculation model can very well reflect 
the real situation of marine medium tank. 
1.  Results under different initial fullness rates 

For effective volume of 250 m3 marine horizontal LNG 
storage tanks, the heat leakage and temperature were chosen 
to be 740 W and 305 K respectively. Besides, the initial rates 
were taken to be 95%, 80%, 70% and 60%. The results cal-
culated by the modified model are shown in Fig. (6). 
 

 
Fig. (6). Laws of lossless storage under different fullness rates. 
 

Fig. (6) shows that for the cryogenic LNG horizontal 
tank, with the increase of the initial fullness rate, the lossless 
storage time is reduced after the first increase. In the initial 
fullness rate of near 70%, the lossless storage time can be the 
longest, so the best initial fullness rate should be between 
70% and 80%. When the initial fullness rate is less than 
70%, the liquid in the tank is relatively small, so under the 
same heat leakage, the temperature will rise faster. However 

if the fullness rate is larger than 80%, even in the early stage, 
the pressure rises slowly, but with the temperature of the 
liquid in the tank increasing, the density will decrease, which 
in turn will drastically reduce the volume occupied by the 
vapors, and the pressure will suddenly increase. Meanwhile 
it can also be seen that at the initial stage the curve of the 
low fullness rate was at the top, which means that the pres-
sure increases faster than that of the large fullness rate. This 
is because the obtained internal energy of the liquid and cry-
ogenic vapor is mainly from the heat leakage. Besides the 
vapor, the internal energy in per unit volume is far less than 
that of the liquid due to its small density. Therefore the pres-
sure will rise more slowly in the same heat leakage, because 
there is more liquid than the less one. 
2.  Results under different heat leakages 

Initial environmental pressure was taken as 101325 Pa, 
and the initial temperature was 305 k, meanwhile the heat 
leakages were selected as 740 W, 640 W, 540 W, 400 W, the 
results were calculated by the modified model and are shown 
in Fig. (7). 
 

 
Fig. (7). Laws of lossless storage under different heat leakages. 
 

As can be seen from Fig. (7), when the tank structure and 
the initial fullness rate remain constant, the lossless storage 
showed a similar rule under different heat leakages. The 
larger heat leakage only accelerated the rate of the rising 
pressure, but the law of pressure remains unchanged. 
3. Calculation results under different ambient tempera-

tures 
The values of initial environmental pressure and heat 

leakages were 101325 Pa and 740 w respectively. The initial 
temperatures were selected as 320 K, 305 K, and 290 K. The 
modified non-destructive storage calculation model was used 
to get the results, as shown in Fig. (8). 

As can be seen from the Fig. (8), the environment tem-
perature also has a certain influence on the length of the loss-
less storage time. In general, the lower the temperature, the 
longer the storage time, on the contrary the higher the tem-
perature, the shorter the storage time. So for safety reasons, 
it is suggested that in the actual production, the destructive 
experiments of cryogenic storage tanks should  
be done in the summer ambient temperatures as much as 
possible. 
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Fig. (8). Laws of lossless storage under different ambient tempera-
tures. 
 
CONCLUSION 

For the marine medium-sized horizontal LNG storage 
tank, the study of the rate of static evaporation and the rule 
of lossless storage can draw the following two conclusions: 
1.  By the experimental verification, modified three-region 

calculation model introduced in this paper, was applied to 
the marine medium-sized horizontal LNG storage tank 
and was found to be appropriate. The forecast analysis of 
the rate of evaporation and the rule of lossless storage has 
high accuracy.  

2.  In view of the effective volume of 250 m3 Marine hori-
zontal LNG storage tank, the results of the forecast anal-
ysis of lossless storage rule provided a good foundation 

data for the enterprise’s product development and design 
of security storage and transportation scheme. 
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