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1. Introduction 

The purpose of the pressurization system in liquid rocket propulsion is to control the pressure in 

the gas space of the propellant tank (known as the ullage space) and the propellant mass flowrate 

to the engine. A mathematical model is required to predict the amount of pressurant necessary to 

ensure that pressure and temperature levels inside the tank remain within acceptable limits and 

that the propellant pressure leaving the tank satisfies the net positive suction pressure (NPSP) 

requirement of the pump feeding the engine.  

Nodal codes typically model tank pressurization and draining using a single node to represent the 

ullage and a single node to represent the propellant. As the tank drains, the ullage node grows  

and the propellant node shrinks . The heat transfer between ullage to wall and ullage to 

propellant is governed by natural convection [1]. Designers of liquid propulsion systems often 

use empirical correlations [2] to estimate the “Collapse Factor” which represents the ratio of 

pressurant required with heat transfer and the amount of pressurant required without heat 

transfer. A single node ullage model [3] of tank pressurization was developed using GFSSP to 

compute the collapse factor reasonably well and later was used to model tank pressurization 

during test firing of the FASTRAC rocket engine. The predicted tank pressure compared well [4] 

with the test data. 

In the early 1970’s, pressurization and drain tests with liquid methane [5] were performed at 

NASA Lewis Research Center in a vacuum chamber.  A 5 ft diameter spherical aluminum tank 

(Figure 1) was tested to drain from 95% to 5% full using gaseous helium, hydrogen, nitrogen and 

methane as pressurant. Tests were conducted with different pressurant inlet temperatures and 

drain times. Measured data include pressurant requirement, amount of pressurant condensed, and 

ullage and wall temperatures at various heights in the ullage space at the end of draining. 

A single node GFSSP [6] model was developed [7] to simulate helium pressurization of the 

methane tank. Predicted helium consumption was 8-23% less than measured. The average error 

of the six test cases was 16%. A single ullage node with multiple solid node model was 

developed [8] using Thermal Desktop. Predicted helium consumption compares with the test 

data within 2%.   This paper describes the development of a GFSSP multi-node ullage model  of 

the test configuration and compares the predicted pressurant consumption for both helium and 

autogenous pressurization using gaseous methane with experimental as well as TD predictions. 
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Figure 1.  K-Site Test tank and its instrumentation 

 

2. GFSSP Model 

The ullage is discretized into six layers of equal height and represented by six nodes (Node 2, 3, 

4, 5, 6 and7). The nodes are connected by 5 branches (Branch 23, 34, 45, 56 and 67) of nearly 

zero resistance. However, the momentum equation solved in these branches includes 

gravitational force.  
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Figure 2.  GFSSP Model of K-Site Test Tank [5] 

The propellant is represented by a single fluid node (Node 9). The tank wall is discretized into 7 

solid nodes (Node 12, 13, 14, 15, 16, 17 & 19) with the same height as the ullage nodes and 

propellant node. As the tank drains, the ullage volume grows and the propellant volume shrinks. 

In each time step, the ullage is re-discretized into layers of equal height. At the start of the run, 

when ullage is 5% of total volume, each layer is 0.11 feet high. At the end of the run, when 

ullage occupies 95% of the total volume, each layer is 0.64 feet high. In each time step, the tank 

wall solid nodes are re-discretized, and an energy balance is performed to calculate the wall 

temperature. 

 

Heat Transfer from ullage to wall and propellant 

This paper investigates the use of natural and mixed convection correlation in calculating the 

heat transfer between ullage to wall and ullage to propellant. 
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For natural convection, heat transfer between ullage and wall is given by: 

𝑁𝑢 = 0.54𝑅𝑎0.25 (1) 

and heat transfer between ullage and propellant is given by: 

𝑁𝑢 = 0.27𝑅𝑎0.25 (2) 

For mixed-convection the Woodfield correlation [9] is applied: 

𝑁𝑢𝐻 = 0.56𝑅𝑒𝐷
0.67 + 0.104𝑅𝑎𝐻

0.352 (3) 

Thermal Desktop offers this correlation as an option for simulating Tank Pressurization. 

Condensation at the wall  

It is necessary to model condensation for autogenous pressurization when gaseous methane is 

used to pressurize liquid methane. Condensation takes place at the wall when the wall 

temperature is below saturation temperature.  

 

 

 

 

 

  

 

 

  

Figure 3. Condensation model at the wall 

A schematic of the condensation model at the wall is shown in Figure 3. It is assumed that 

condensation occurs in a layer adjacent to the wall when the wall temperature is below the 

saturation temperature, and the layer is also assumed to be at saturation temperature. 

The heat transfer from the ullage to the saturated layer is given by: 

 

Where the heat transfer coefficient, hc is computed from Equation (1)   

The heat transfer from the saturated layer to wall is given by: 
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𝑄ሶ
𝑈𝐼 = [ℎ𝑐𝐴]𝑈−𝐼(𝑇𝑢𝑙𝑙𝑎𝑔𝑒 − 𝑇𝑆𝐴𝑇) (4) 

           

𝑄ሶ
𝐼𝑊 = [ℎ𝑐𝐴]𝐼−𝑊(𝑇𝑆𝐴𝑇 − 𝑇𝑤) (5) 
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hc of Equation 5 is evaluated from the following equation which is known as the Dhir-Lienhard 

[10] correlation of condensation heat transfer: 

𝑁𝑢𝐷 = 𝐶 [𝑔
𝜌𝑓(𝜌𝑓−𝜌𝑔)ℎ𝑓𝑔

′ 𝐷3

𝜇𝑘∆𝑇
]

1

4

(6) 

Condensation at ullage-propellant interface 

 

 

 

 

 

 

 

 

  

Figure 4. Condensation model at the ullage propellant interface 

Condensation occurs at the ullage to propellant interface because TSAT > TI. The condensation rate 

is given by:  

𝑚ሶ 𝑐𝑜𝑛𝑑 =
𝑄ሶ

𝑈𝐼 − 𝑄ሶ
𝐼𝐿

ℎ𝑓𝑔

(7) 

𝑄ሶ
𝑈𝐼 = ℎ𝑐,𝑈𝐼𝐴(𝑇𝑈 − 𝑇𝑆𝐴𝑇) (8) 

𝑄ሶ
𝐼𝐿 = ℎ𝑐,𝐼𝐿𝐴(𝑇𝑆𝐴𝑇 − 𝑇𝐼) (9) 

 

hc,UI and hc,IL are computed from Equation 2 using vapor and liquid properties respectively. 

 

The interface temperature, TI is calculated from: 

𝑇𝐼 =
ℎ𝑐,𝑈𝐼𝑇𝑈 + ℎ𝑐,𝐼𝐿𝑇𝐿

ℎ𝑐,𝑈𝐼 + ℎ𝑐,𝐼𝐿

(10) 

 

3. Results and Discussion 
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Helium Pressurization 

DeWitt and McIntire [5] conducted six tests with helium as pressurant. They tested with three 

different drain times at two different inlet pressurant temperatures. For each run, simulations 

were performed using both natural convection correlation (Ring [1]) and mixed convection 

correlation (Woodfield [9]). 

 

Table 1. The comparison of measured and predicted helium consumption using natural and 

mixed convection correlation. 

 

The comparison of measured and predicted helium consumption using natural and mixed 

convection correlations is shown in Table 1. The model underpredicts helium consumption using 

the natural convection correlation.  In general model predictions are more accurate with the 

mixed convection correlation. The observed discrepancies can be attributed to the absence of 

condensation and evaporation of methane which is present in the ullage. It may be noted that 

presence of methane during the start of pressurization has not been considered in this 

computation. 

The predicted and measured temperature of the wall adjacent to ullage using natural and mixed 

convection correlation are shown in Figure 5. Contrary to helium consumption prediction, wall 

temperature prediction using natural convection correlation is more accurate than the predicted 

temperature with mixed convection correlation.  The predicted and measured temperature of the 

ullage using natural and mixed convection correlation are shown in Figure 6. It may be noted 

that ullage temperature predicted by mixed convection correlation is more accurate than that 

predicted by the natural convection correlation in the slow drain cases.  

 

Autogenous Pressurization 

Six test cases of autogenous pressurization, where gaseous methane was used as pressurant, were 

reported. All six cases were simulated using the natural convection correlation. Table 2 provides 

comparison of the measured and predicted methane consumption and measured and predicted 
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condensation for each test case. The model under-predicts methane consumption by an average 

of 10%. This is primarily because of underprediction of condensation by an average of 5%. In 

the proposed paper the mixed convection correlation of Woodfield and other condensation 

correlations will be attempted to improve the comparison. The proposed paper will also include 

the pressurization with gaseous hydrogen and nitrogen and will be compared with the measured 

data for all 22 cases reported by DeWitt and McIntire [5]. The effect of discretization of the 

ullage will also be investigated. 

 

Run Inlet 

Methane 

Temp 

(K) 

Drain 

Time 

(Sec) 

Measured 

Methane 

Mass 

(kg) 

Predicted 

Methane 

Mass 

(kg) 

Percent 

Discrepancy 

Measured 

Condensate 

(kg) 

Predicted 

Condensate 

(kg) 

Percent 

Discrepancy 

8 226 231 9.28 7.93 -15 2.85 2.16 -24 

7 227 405 9.94 9.18 -8 3.29 3.14 -5 

6 226 633 10.91 10.7 -2 3.63 4.40 21 

11 338 234 7.87 6.52 -17 2.62 1.89 -28 

10 344 410 8.71 7.66 -12 2.95 2.72 -7.9 

9 339 638 9.64 9.14 -5 3.41 3.95 16 

 

Table 2. The comparison of measured and predicted methane consumption and condensation 

using natural convection correlation. 
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Figure 5. The predicted and measured temperature of the wall adjacent to ullage using natural 

and mixed convection correlation. 

 

Figure 6. The predicted and measured temperature of the ullage using natural and mixed 

convection correlation. 
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