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ABSTRACT 

Screen channel liquid acquisition devices (LADs) will play a crucial role in future deep space travel. It is essential 

that vapor-free delivery of propellants during tank-to-tank transfer is ensured to maximize yield from storage tanks 

and prevent potential combustion instabilities. The screen channel LAD utilizes a fine screen wire mesh that can 

separate phases in a low Bond number (i.e. microgravity) environment using surface tension forces. This study 

presents the development and verification of a new model for transient screen compliance, one of the influential factors 

for screen channel LAD design. Screen compliance is crucial during LAD channel outflow transients because the 

slight deflection of the screen can provide needed mass to satisfy rapid outflow demands and reduce the pressure 

difference across the screen. The model is successfully verified against CFD simulations. In addition, the characteristic 

speed for the governing screen compliance equations is derived which allows for numerical stability criteria to be 

established. As shown in this study, the transient maximum pressure difference across the screen can greatly exceed 

the steady state maximum pressure difference across the screen in many cases. 

 

NOMENCLATURE 
𝐴𝐶𝐻 Cross sectional area of channel 𝑡𝑜𝑝𝑒𝑛  Valve opening time 

𝐴𝑆𝐶  Open area of the screen 𝑇𝑆𝐶  Effective screen deflection thickness 

𝐴̿ Jacobian matrix 𝑇𝑆𝐶0
 Initial effective screen deflection thickness at rest 

𝑎𝑆𝐶  Acceleration of fluid  𝑇𝑖𝑗  Stress tensor in momentum equation 

𝐶𝑙𝑎𝑚  Armour and Cannon FTS constant 𝑈⃑⃑   Conserved variable vector 

𝐶𝑡𝑢𝑟𝑏  Armour and Cannon FTS constant 𝑢 Velocity of liquid in channel 

𝐷𝑃  Effective pore diameter of screen 𝑢𝑎𝑣𝑔 Average velocity 

𝑑𝑠  Shute wire diameter of screen 𝑢𝑐ℎ𝑎𝑟𝑎𝑐𝑡𝑒𝑟𝑖𝑠𝑡𝑖𝑐  Characteristic speed 

𝑑𝑡  Time step 𝑢𝑑𝑒𝑚𝑎𝑛𝑑 Steady state demand velocity 

𝑑𝑥  Spatial grid size 𝑉𝑆𝐶  Volume of liquid extracted underneath screen 

𝐸𝑟𝑟𝑜𝑟𝑀  Error for given mesh size 𝑣𝑖𝑛𝑗 Injection velocity into channel across screen 

𝑒 Screen channel roughness 𝑤𝑆𝐶  Width of channel screen 

𝐹  Flux vector 𝑥 Dimension along the length of the channel 

𝑓  Function solved in 2D steady channel outflow model 𝑧 Height relative to the acceleration vector 

𝑔 Gravitational acceleration 𝛼  Armour and Cannon fitting coefficient 

𝐻  Cross sectional height of the channel 𝛽  Armour and Cannon fitting coefficient 

𝐾𝑆𝐶 Screen compliance constant Δ𝐻 Head difference 

𝐿  Length of the channel Δ𝑃𝐵𝑃 Bubble point pressure 

𝑀  Mesh size Δ𝑃𝑑𝑦𝑛𝑎𝑚𝑖𝑐  Dynamic pressure drop along channel 

𝑚̇  Demand mass flow rate Δ𝑃𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛𝑎𝑙  Frictional pressure drop along channel 

𝑁  Number of grid points Δ𝑃𝐹𝑇𝑆  Flow through screen pressure drop 

𝑝  Rate of convergence Δ𝑃ℎ𝑦𝑑𝑟𝑜𝑠𝑡𝑎𝑡𝑖𝑐  Hydrostatic pressure drop along channel 

𝑃𝑐ℎ𝑎𝑛𝑛𝑒𝑙 Pressure inside the LAD channel Δ𝑃𝑆𝐶 
Pressure difference between liquid and vapor side 
of screen  

𝑃𝑔𝑎𝑠 Gas screen side pressure Δ𝑃𝑆𝐶′ 
Pressure difference between vapor and liquid side 

of screen (i.e. Δ𝑃𝑆𝐶
′ = −Δ𝑃𝑆𝐶) 

𝑃𝑙𝑖𝑞 Liquid screen side pressure 𝜆𝑛  Eigenvalues for viscous pressure drop model 

𝑃0 Pressure outside the LAD channel 𝜆±  Eigen values of the Jacobian matrix 

𝑠𝑆𝐶  Wetted perimeter of the channel cross sectional area 𝜇  Dynamic viscosity of liquid inside channel 

𝑆  Wave speed of Heaviside step function 𝜌 Density 

𝑆  Source term vector 𝜈 Kinematic viscosity of liquid inside channel 

𝑡 Time   

    

Subscripts    

𝑒𝑥𝑝𝑜𝑠𝑒𝑑  Exposed portion of channel 𝑆𝑆  Steady state 

𝑚𝑎𝑥 Maximum 𝑡𝑜𝑡𝑎𝑙 Total length of channel 

𝑠𝑢𝑏𝑚𝑒𝑟𝑔𝑒𝑑 Submerged portion of channel   
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I. INTRODUCTION 1 

A. Background 2 

 3 

Screen channel liquid acquisition devices (LADs) will 4 

play a crucial role in future deep space travel. It is 5 

essential that vapor-free delivery of propellants during 6 

tank-to-tank transfer is ensured to maximize yield 7 

from storage tanks and prevent potential combustion 8 

instabilities. The screen channel LAD utilizes a fine 9 

screen wire mesh that can separate phases in a low 10 

Bond number (i.e. microgravity) environment using 11 

surface tension forces. 12 

 13 

B. Problem statement  14 

 15 

Suppose that during a transient liquid acquisition 16 

device (LAD) outflow operation (i.e. engine start up, 17 

thruster pulsing, etc.) only a portion of the LAD 18 

channel is wetted on both sides of the screen. Prior to 19 

demand, there is liquid on the channel side of the 20 

screen and vapor on the tank side of the screen near 21 

the outlet port of the LAD channel as shown in Fig. 1 22 

[1]. Upon initiating the transient operation, the outlet 23 

port demands some volumetric flow rate in a rapid 24 

fashion. Therefore, the liquid inside the channel must 25 

be accelerated from a zero velocity to a steady state 26 

velocity to accommodate this demand. The portion of 27 

liquid that is near the outlet will be rapidly outflowed 28 

from the channel due to the transient demand flow rate. 29 

Liquid further away from the outlet will take longer to 30 

leave the channel due to inertial differences, thus 31 

creating a pressure gradient along the channel. To 32 

alleviate the pressure gradient along the channel, the 33 

LAD screen will deflect (i.e. comply) by an effective 34 

deflection thickness, 𝑇𝑆𝐶 , to provide the mass required 35 

by the transient demand flow.  36 

The analysis in this study will neglect the 37 

curvature effects of the channel along the tank walls 38 

and simply consider the screen compliance scenario 39 

shown schematically in Fig. 2. This figure shows how 40 

the transient 1D screen compliance solver from this 41 

study is used for the exposed end of the channel and a 42 

2D outflow solver is used for the submerged portion 43 

of the channel. The analysis in this study will solve for 44 

the velocity, 𝑢, effective deflection thickness, 𝑇𝑆𝐶 , 45 

pressure difference across the screen, Δ𝑃𝑆𝐶 , and the 46 

injection velocity, 𝑣𝑖𝑛𝑗 , along the entire length of the 47 

channel as a function of time during a transient 48 

outflow operation. 49 

The differential control volume of a channel fluid 50 

element used in this analysis is shown in Fig. 3 [1]. 51 

The control volume is a differential element along the 52 

exposed portion of the LAD channel and has a non-53 

rigid boundary representing the LAD screen. Surface 54 

tension within the pores of the screen provides the 55 

necessary force needed to deflect the screen by some 56 

effective thickness, 𝑇𝑆𝐶 . The inward deflection of the 57 

screen can provide the small amount of mass required 58 

during transient outflow via volumetric displacement, 59 

thus satisfying continuity and helping to prevent vapor 60 

ingestion into the channel. If the screen was rigid and 61 

unable to provide that small mass, the pressure 62 

differential across the screen would spike during a 63 

transient operation and exceed the bubble point 64 

pressure of the screen where the bubble point is 65 

defined as the pressure difference across the screen 66 

that allows for vapor bubbles to be ingested into the 67 

LAD channel (i.e. the screen channel LAD is broken 68 

down). 69 

 70 

 71 

Fig. 1.  Scenario where screen compliance is crucial for transient 72 

LAD outflow operation. Figure is adapted from Jaekle [1] with 73 

additional features added. Note that LAD channel presented in 74 

figure has a rectangular cross-sectional area. 75 

 76 

 77 

Fig. 2.  Simple schematic of a partially submerged screen channel 78 

LAD undergoing transient screen compliance. Note that most of the 79 

analysis in this study applies the 2D outflow solver to the submerged 80 

end of the channel, but the ANSYS Fluent comparison uses a 81 

simplified 1D outflow solver for comparison to the transient screen 82 

compliance solver. 83 

 84 
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 85 

Fig. 3.  Control volume used for screen compliance analysis. Note 86 

that this figure is adapted from Jaekle 1997 [1]. 87 

 88 

 89 

Fig. 4.  Example of open area of the screen with fixed edge boundary 90 

conditions.  91 

 92 

The deflection of the screen due to the differential 93 

pressure across it is known as screen compliance. This 94 

“deflection” can come from either the screen itself 95 

bending, liquid being withdrawn from the pores of the 96 

screen, or a combination of both mechanisms. In this 97 

analysis, the screen will be considered to deflect by an 98 

effective thickness, 𝑇𝑆𝐶 , which is essentially an 99 

averaged deflection across the open area of the screen. 100 

The open area of the screen is the portion of the screen 101 

that undergoes deflection with all boundary conditions 102 

fixed. An example of this definition is illustrated in 103 

Fig. 4. Here, a screen sample is fixed between two 104 

shims creating a screen assembly with an open area. 105 

These types of screen assemblies were used in 106 

previous studies that determined values for the screen 107 

compliance constant, 𝐾𝑆𝐶 . There are no other support 108 

features across the open area of the screen except for 109 

the fixed edge boundary conditions. Also, the two 110 

shims that the screen is fixed are of a flat design and 111 

do not create any controlled pretension in the screen. 112 

The experiments conducted by Camarotti et al. 113 

2019 [2] identified multiple regions of transient screen 114 

compliance. An example of the different regions is 115 

provided in Fig. 5 that was initially given in the 116 

Camarotti et al. 2019 paper. The initial region 117 

represents the liquid vapor interface being above the 118 

pores of the screen (i.e. there is a thin layer of liquid 119 

on top of the screen). Once the interface enters the 120 

pores of the screen, surface tension forces begin to pull 121 

the screen taut and retract slack. Once this slack is 122 

retracted, the screen enters a linear region of pure 123 

deflection up until bubble point is reached.  124 

 125 

 126 

Fig. 5.  Different regions of screen compliance identified in 127 

Camarotti et al. 2019 [2]. 128 

 129 

 130 

C. Previous studies  131 

 132 

Experimental studies of screen compliance 133 

available to the public are very limited. Paynter 1973 134 

[3] conducted a series of “Screen Structural 135 

Characteristics Tests” where four different circular 136 

screen samples were tested using static loading, cyclic 137 

loading, and rupture testing techniques while 138 

measuring deflection at different radial positions 139 

across the screen. The screen samples were tested 140 

using both air and nitrogen gas as pressurants but did 141 

not use a corresponding liquid to have surface tension 142 

forces of the liquid-vapor interface inside the screen 143 

drive screen deflection. Instead, the screen sample was 144 

reported to be tested using a technique that clamped 145 

both the screen and a thin piece of plastic sheathing 146 

together to prevent pressurant from flowing through 147 

the screen. The thin plastic sheathing is what created 148 

the pressure difference across the screen to induce 149 

deflection. It is also what allowed pressure differences 150 

across the screen to exceed bubble point pressure. 151 

Paynter also reported differences in data due to 152 

clamping techniques. The flat clamping technique is 153 

reported to have given nonrepeatable results due to 154 

“initial sag and waviness” in the screen samples, while 155 

a beveled ring design was able to achieve a pretension 156 

in the screen sample and produce repeatable results. It 157 

was reported that the level of pretension caused by the 158 

beveling technique did not have a significant effect on 159 

test results. There is a concern that using the plastic 160 

sheathing pressurizing technique may have created 161 

differences in results that may not reflect screen 162 

compliance via surface tension forces. Furthermore, 163 

the data reported deflection values at the middle of the 164 

screen and does not relate the results to an effective 165 

deflection across the screen. Therefore, data from this 166 

study will not be used in model development. 167 

 168 
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 169 

Fig. 6.  Simple schematic of experimental setup used to measure 170 

screen compliance using a differential pressure transducer (DPT) 171 

for Camarotti et al. 2019 [2], Camarotti et al. 2022 [4], and 172 

Vasireddy et al. 2022 [5].  173 

 174 

Other screen compliance tests have been 175 

performed with room temperature fluids using both 176 

circular and rectangular screen samples. A simple 177 

schematic of the experimental setup used for all three 178 

of the following studies is given in Fig. 6. These 179 

studies mounted the screen samples into a screen 180 

assembly similar to the one shown in Fig. 4.  181 

Camarotti et al. 2019 [2] utilized circular screen 182 

samples tested in isopropyl alcohol (IPA) that were 183 

mounted using epoxy between two flat shims with no 184 

control over pretension. A new equation of state model 185 

relating the pressure difference across the screen and 186 

the effective thickness of deflection using a constant, 187 

𝐾𝑆𝐶  (also known as the screen compliance constant), 188 

was presented in the Camarotti et al. 2019 study for 189 

the linear portion of screen compliance. Note that 𝐾𝑆𝐶  190 

is defined in the Camarotti et al. 2019 study as the 191 

slope for the linear portion of the Δ𝑃𝑆𝐶  vs. 𝑇𝑆𝐶  curve as 192 

shown in equation (1). The “Equation of state” section 193 

of this paper provides further detail on exactly how 194 

𝐾𝑆𝐶  is used to couple the conservation of mass and 195 

momentum equations via Δ𝑃𝑆𝐶  and 𝑇𝑆𝐶 .  196 

 197 

( )
for linear screen complianceSC

SC

SC

P
K

T

 
=


 (1) 198 

 199 

It was reported in Camarotti et al. 2019 that the 200 

𝐾𝑆𝐶  value for most screens tested were independent of 201 

the open area diameter of the screen assembly for the 202 

circular screen samples. As a general weak trend, it 203 

was also shown that 𝐾𝑆𝐶  values increased with 204 

increasing screen fineness. A high value of 𝐾𝑆𝐶  205 

corresponds to less 𝑇𝑆𝐶  for a given Δ𝑃𝑆𝐶 . Since coarse 206 

screens tend to be thicker and more rigid than fine 207 

screens, it is likely that this trend is a result of the 208 

liquid-vapor interface traveling through the thickness 209 

of the screen itself, thus inducing a resulting 𝑇𝑆𝐶  value. 210 

Recall that 𝑇𝑆𝐶  is the effective screen deflection 211 

thickness not only caused by the physical bending of 212 

the screen, but also the liquid-vapor interface traveling 213 

through the screen itself. This point is discussed in 214 

further detail by Vasireddy et al. 2022 [5]. 215 

Vasireddy et al. 2022 performed a similar study to 216 

Camarotti et al. 2019 except rectangular screen 217 

samples with varying open area aspect ratios were 218 

used. Results from the Vasireddy et al. 2022 study  219 

showed that 𝐾𝑆𝐶  also weakly increased with increasing 220 

screen fineness. Due to relatively large uncertainty in 221 

reported 𝐾𝑆𝐶  values of the Vasireddy et al. 2022 study, 222 

a definitive trend between aspect ratio and 𝐾𝑆𝐶  was not 223 

achieved. Camarotti et al. 2022 [4] performed similar 224 

experiments to Vasireddy et al. 2022 using rectangular 225 

screen assemblies, however the focus of the study was 226 

on the effects of ramp rate (i.e. liquid withdrawal rate) 227 

on screen compliance. It was found that 𝐾𝑆𝐶  was 228 

independent of ramp rates between 0.5 − 16 𝑚𝑙/𝑚𝑖𝑛 229 

for screen samples with open areas of 2” × 1”, 2" ×230 

2", and 4" × 1".  231 

The only known publically available analytical 232 

model for transient screen compliance of a LAD 233 

channel is provided by Jaekle 1997 [1]. While Jaekle 234 

does provide some indications on how to solve the 235 

model, there is not enough information provided for a 236 

complete set of equations (i.e. the equation of state is 237 

not given). There is also no derivation or list of 238 

assumptions provided for either the mass or the 239 

momentum equations, no characteristic speed of the 240 

governing equations provided to be used for numerical 241 

stability, and no verification study provided for the 242 

numerical solver used. No known tool is available to 243 

the public to implement this model and simulate 244 

transient screen compliance numerically. While 245 

Hartwig et al. 2014 [6] and Darr et al. 2017 [7] 246 

provided a 1D and 2D steady state model for LAD 247 

channel outflow, respectively, the expected screen 248 

deflection from outflow transients was not included. 249 

 250 

II. PURPOSE 251 

 252 

The purpose of this study is to develop and verify 253 

a new transient LAD channel screen compliance 254 

model. The new model builds upon the previous model 255 

by including a viscous term that allows for the steady 256 

state pressure drop along the exposed portion of the 257 

channel to match the steady state solution provided by 258 

Hartwig et al. 2014 [6]. Information is provided on the 259 

numerical discretization scheme chosen to solve this 260 

model. The numerical discretization will allow for a 261 

transient screen compliance computational fluid 262 

dynamics (CFD) program to be developed that will 263 

give this solution. The stability criteria will be 264 

addressed for the numerical discretization scheme 265 

used. Data obtained from previous experiments will be 266 

used as inputs into this model in order to satisfy the 267 

equation of state from Camarotti et al. 2019 [2]. 268 

Finally, the solver will be verified via a mesh 269 
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refinement study, a Generalized Rankine-Hugoniot 270 

Condition Analysis, and a comparison with ANSYS 271 

Fluent results.  272 

 273 

III. MODEL 274 

 275 

The original model for transient screen 276 

compliance for a LAD channel was provided by Jaekle 277 

1997 [1]. Note that this model only applies to the 278 

exposed end of the channel shown in Fig. 2. The fluid 279 

element used for this model is given in Fig. 3. Below 280 

are the needed assumptions and approximations to 281 

solve the transient screen compliance study: 282 

 283 

• 1D flow in the x-direction due to negligible flow 284 

within the exposed portion of the channel in the y-285 

direction and z-direction (i.e. 𝑢(𝑥, 𝑦, 𝑧, 𝑡) =286 

𝑢(𝑥, 𝑡)) 287 

• Flow is incompressible (i.e. 𝜌 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡) 288 

• Isotropic fluid 289 

• Liquid viscosity is constant for all space and time 290 

(i.e. 𝜇(𝑥, 𝑡) = 𝜇 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡) 291 

• Newtonian fluid 292 

• Isothermal fluid 293 

• Gravity is uniform across the channel (i.e. 𝑔 =294 

𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡) 295 

• For conservation of mass, an arbitrary stationary 296 

deformable control volume is used (i.e. finite 297 

control volume analysis used to simplify screen 298 

compliance problem into a 1D model) 299 

• For conservation of momentum, a material 300 

control volume is used (i.e. differential control 301 

volume analysis used assuming screen deflection 302 

has a negligible effect on the x-momentum) 303 

• The cross-sectional area of the channel, 𝐴𝐶𝐻, is 304 

not a function of effective thickness, 𝑇𝑆𝐶 , 305 

(approximation is taken for mass flux terms as 306 

part of conservation of mass finite control volume 307 

analysis, i.e. 𝑇𝑆𝐶 ≪ 𝐻) 308 

• 𝐾𝑆𝐶  values are used for the linear region of screen 309 

compliance only (i.e. effects from nonlinear 310 

screen compliance are neglected) 311 

• The submerged end of the channel is modeled as 312 

quasi-transient flow (i.e. the steady submerged 313 

channel solver is updated after each time step) 314 

• The screen compliance constant, 𝐾𝑆𝐶 , is constant 315 

along the length of the channel (i.e. 𝑇𝑆𝐶  is an 316 

effective deflection thickness and not an actual 317 

deflection thickness) 318 

• Changes in the amount of liquid above 319 

the submerged end of the screen are neglected (i.e.  320 

𝐿𝑠𝑢𝑏𝑚𝑒𝑟𝑔𝑒𝑑 is a constant over time) 321 

 322 

A. Conservation of mass 323 

 324 

Due to the assumption that a deformable control 325 

volume is to be used for the conservation of mass, the 326 

derivation begins with the integral form of the 327 

governing equation for an arbitrary stationary control 328 

volume as shown in equation (2). In other words, for 329 

the conservation of mass equation, a finite control 330 

volume analysis is used to create a simple 1D model 331 

for this screen compliance problem. 332 

 333 

ˆ 0

CV CS

d
dV v ndA

dt
 +  = 


 (2) 334 

 335 

For a 1D incompressible flow in a deformable fixed 336 

control volume, equation (3) can be derived using the 337 

nomenclature outlined for the control volume in Fig. 338 

3. 339 

 340 

( )
( ) 0

CH CH

V t u
uA u x A

t x
   
 

− + + =
 

 (3) 341 

 342 

where 343 

 344 

( ) [ ( )]

( )

SC SC

SC

SC

V t H T t w x

TV t
w x

t t





= −


 = −

 

 (4) 345 

 346 

Note here that in equation (3), the cross sectional 347 

area of the channel, 𝐴𝐶𝐻, is assumed to be independent 348 

of the effective deflection thickness of the screen, 𝑇𝑆𝐶 , 349 

for the mass flux terms into and out of the control 350 

volume. However, the deformable (i.e. time 351 

dependent) control volume does use 𝑇𝑆𝐶  in the 352 

derivation. This is an implicit approximation that is 353 

outlined here for clarity. Now, inserting equation (4) 354 

in equation (3) gives the final form of the continuity 355 

equation, as shown in equation (5). 356 

 357 

0
SC

SC CH

SC CH

SC

T u
w x xA

t x

T A u

t w x

 
 

− + =
 

 
 =

 

 (5) 358 

 359 

B. Conservation of momentum 360 

 361 

The derivation for the conservation of momentum 362 

for screen compliance begins with the Navier-Stokes 363 

momentum equation [8]. In other words, for the 364 

conservation of momentum equation, a differential 365 

(i.e. infinitesimally small) control volume analysis is 366 
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used to create a simple 1D model for this screen 367 

compliance problem. Note that 𝑇𝑖𝑗  in equation (6) is 368 

defined as the stress tensor. 369 

 370 

( )
j j

i j ij

i i

u u
u g T

t x x
  
  

+ = +
  

 (6) 371 

 372 

Applying the assumption of 1D flow in the x-direction 373 

for a laminar incompressible flow, the stress tensor in 374 

the momentum equation can be expanded to give 375 

equation (7). Note that this 1D approximation 376 

implicitly states that the screen deflection does not 377 

significantly contribute to x-momentum. 378 

 379 

2

2

1
SC

Pu u z u
u g

t x x x x




   
+ = − − +

    
 (7) 380 

 381 

As a brief aside, note that Δ𝑃𝑆𝐶  is used here to 382 

indicate a pressure difference between the inside and 383 

outside of the LAD channel (i.e. across the screen) as 384 

defined in equation (8). For a LAD outflow condition, 385 

the Δ𝑃𝑆𝐶  value will be negative along the channel (i.e. 386 

the pressure inside the channel will be lower than the 387 

pressure outside the channel). Since the bubble point, 388 

Δ𝑃𝐵𝑃, is defined as the gas side pressure minus the 389 

liquid side pressure (i.e. pressure outside the channel 390 

minus the pressure inside the channel) across the 391 

screen at breakdown as shown in equation (9), the 392 

negative value of Δ𝑃𝑆𝐶  will need to be taken to make 393 

this comparison. For clarity, a new value of Δ𝑃𝑆𝐶 ′ will 394 

be defined to make this distinction as shown in 395 

equation (10). It is important to note this distinction 396 

since historical steady state LAD outflow models [7] 397 

[9] have provided steady state solutions for 𝑃𝑐ℎ𝑎𝑛𝑛𝑒𝑙 398 

that also need to be manipulated to compare with 399 

Δ𝑃𝐵𝑃. 400 

 401 

0SC channel
P P P  −  (8) 402 

 403 

0
@ breakdown

BP gas liq channel
P P P P P  − = −  (9) 404 

 405 

0SC SC channel
P P P P  − = −  (10) 406 

 407 

A variable 𝑧 is introduced to indicate the height 408 

relative to the body force acceleration vector (i.e. 409 

gravity) in order to account for hydrostatic pressure 410 

differences across the screen along the channel as 411 

shown in Fig. 1. The 𝑔
𝜕𝑧

𝜕𝑥
 term is zero if the channel is 412 

in a terrestrial horizontal configuration or in a zero-413 

gravity environment. It is important to note the 414 

direction of the gravitational acceleration vector, 𝑔, in 415 

Fig. 1. A negative sign is added in front of the 416 

gravitational body force term in the momentum 417 

equation to account for the signing convention of 418 

Δ𝑃𝑆𝐶 . Since Δ𝑃𝑆𝐶  indicates the pressure inside the 419 

channel minus the pressure outside the channel, the 420 

hydrostatic contribution to Δ𝑃𝑆𝐶  increases as the liquid 421 

level in the tank lowers. The hydrostatic term only 422 

applies to the exposed section of the channel since 423 

there is no hydrostatic contribution to Δ𝑃𝑆𝐶  in the 424 

submerged portion of the channel. In other words, if 425 

the tank is in a 1-g condition (e.g. a terrestrial 426 

environment) for the scenario illustrated in Fig. 1, the 427 

signing convention on the gravitational term for 428 

equation (7) would require an input of 𝑔 = +9.81 𝑚/429 

𝑠2, assuming the 𝑧 vector is positive.  430 

The form of the momentum equation given in 431 

equation (7) is further simplified in the original model 432 

to give equation (11). It can be seen that Δ𝐻 is used 433 

instead of Δ𝑃𝑆𝐶  to indicate a pressure difference across 434 

the screen between the inside and outside of the 435 

channel. The gravitational acceleration, 𝑔, is also 436 

substituted as 𝑎𝑆𝐶  to indicate the acceleration vector 437 

for a broader source of body forces on the liquid inside 438 

the channel (e.g. sudden acceleration or deceleration 439 

during docking, centrifugal force, etc.).  440 

The final point of discussion on the original model 441 

is the viscous term. The original model used a term 442 

that is similar to Poiseuille flow in a constant area 443 

channel as shown in equation (11). Although this is not 444 

explicitly stated in the 1997 paper [1], the viscous term 445 

used here is the same as the viscous term used in 446 

Jaekle’s 1991 Vanes paper [10] where it is described 447 

as modeling “steady, fully developed, laminar flow in 448 

a constant area conduit”.   449 

 450 

( )
2

1
2 SC

SC

CH

H su u z
u a u

t x x x A




      
 = − + + +  
       

  (11) 451 

 452 

During the course of this study, it was found that 453 

the viscous terms for both equation (7) and equation 454 

(11) do not allow for the steady state pressure drop 455 

along the exposed portion of the channel to match the 456 

steady state solution provided by Hartwig et al. 2014 457 

[6]. In order to account for the steady state viscous 458 

pressure drop along the channel in this model, the 459 

steady state frictional term from equation (35) in [6] is 460 

implemented in this solver. Implementation of this 461 

term involves taking the derivative of the frictional 462 

pressure drop with respect to 𝑥 and dividing by the 463 

density, 𝜌. The result from this manipulation is given 464 

in equation (12).  465 

 466 
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( )

1
3

5
0

2

2

1 16
tanh

12 2

14.8
16 log

( )

SC SC SC SC n

nfrictional n

SC

SC
SC

s SC

P uw H H w w

x H

u H w

w H
w H

d w H



    

−


=

    
= +    

    

+
+

  
  

+  


 (12) 467 

 468 

The modified form of the momentum equation 469 

used in the LAD transient screen compliance solver 470 

(prior to coupling to mass via equation of state) is 471 

given in equation (13). Note that viscous pressure loss 472 

along the channel is considered third order under 473 

terrestrial conditions and second order under 474 

microgravity conditions [6]. A more detailed 475 

discussion on this point will be provided in the 476 

“General Discussion” section. 477 

 478 

1 1SC SC

frictional

P Pu u z
u g

t x x x x 

      
= − + + +         

 (13) 479 

 480 

C. Equation of state 481 

 482 

The equation of state relationship shows that the 483 

pressure head across the screen is a function of Δ𝑃𝐵𝑃, 484 

𝑇𝑆𝐶 , and 𝑇𝑆𝐶0
 as shown in equation (14). Camarotti et 485 

al. 2019 [2] developed a relationship between 486 

thickness and pressure head given in equation (15) that 487 

holds when Δ𝑃𝑆𝐶 ′ < Δ𝑃𝐵𝑃. This relationship assumes 488 

that the screen is completely flat at rest with no initial 489 

deflection (i.e. 𝑇𝑆𝐶0
= 0) and that the deflected 490 

thickness is a volume average over the open area of the 491 

screen (i.e. 𝑇𝑆𝐶  is an effective thickness). If there is an 492 

interest to only model the linear portion of screen 493 

compliance (see Fig. 5), then the 
𝜕(Δ𝑃𝑆𝐶)

𝜕𝑇𝑆𝐶
 term can be 494 

set to a constant as shown in equation (1) and the 495 

modified equation of state proposed by Camarotti et 496 

al. 2019 [2] simplifies to equation (16).  497 

 498 

( )
( )( )

0
, ,BP SC SC

H
f P T T

x x

  
= 

 
  (14) 499 

 500 

( ) ( )SC SC SC
SC SC

SC SC SC

V P P
H P T

A T T

   
 =  = =

 

  (15) 501 

 502 

SC SC SCH P T K =  =  (16) 503 

 504 

D. Conservative form of governing equations 505 

 506 

Prior to presenting the conservative form of the 507 

governing equations, the equation of state given in 508 

equation (13) and the conservation of x-momentum 509 

given in equation (16) must first be combined so that 510 

only two equations and two unknowns remain. The 511 

result of combining the x-momentum equation and the 512 

equation of state is given in equation (17). The 513 

difference in signing convention between the equation 514 

of state and the conservation of x-momentum for Δ𝑃𝑆𝐶  515 

is accounted for in this equation (i.e. a negative sign is 516 

introduced in front of the 
𝐾𝑆𝐶

𝜌

𝜕𝑇𝑆𝐶

𝜕𝑥
 term).  517 

 518 

1SC SC SC

frictional

K T Pu u z
u g

t x x x x 

      
= − − + +         

 (17) 519 

 520 

The equation for conservation of mass (i.e. 521 

equation (5)) and the combined equation for 522 

conservation of momentum and the equation of state 523 

(i.e. equation (17)) will now be presented in 524 

conservative form. A set of equations in conservative 525 

form follows equation (18). The resulting equations 526 

for the conserved variable vector, 𝑈⃑⃑ , and the flux 527 

vector, 𝐹 , are given in equation (19) and equation (20)528 

, respectively. The viscous term is treated as a source 529 

term, 𝑆 , as shown in equation (21). The conservative 530 

form of the transient screen compliance governing 531 

equations is provided for numerical discretization and 532 

further characterization of this set of equations. 533 

 534 

U F
S

t x

 
+ =

 




 (18) 535 

 536 

SCT
U

u

 
=  
 


 (19) 537 

 538 

21

2

CH

SC

SC
SC

A
u

w
F

K
u T gz



 
− 

 =
 

− + 
 

  (20) 539 

 540 

0

1

frictional

S P

x

 
 

=   −  
   

  (21) 541 

 542 

E. Characteristic speed 543 

 544 

The characteristic speed of the governing 545 

equations is provided not only for numerical 546 

discretization stability purposes, but also for a better 547 

understanding of the behavior of the governing 548 

equations. The first step in determining the 549 

characteristic speed of the governing transient screen 550 

compliance equations is to convert the conservative 551 

form of the equations to the form shown in equation 552 

(22). In this form, 𝐴̿ is the Jacobian matrix of the flux 553 
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vector as shown in equation (23). After the Jacobian 554 

matrix of the flux vector is found, the eigenvalues of 555 

the Jacobian matrix are presented. These eigenvalues, 556 

𝜆±, give the characteristic speed, 𝑢𝑐ℎ𝑎𝑟𝑎𝑐𝑡𝑒𝑟𝑖𝑠𝑡𝑖𝑐 , of the 557 

governing equations as shown in equation (24). 558 

 559 

U F U U U
S A S

t U x t x

    
+ = → + =

    




  (22) 560 

 561 

0 SC

SC

SC

A

wF
A

U K
u



 
− 


 = =

  
− 
 



  (23) 562 

 563 

21
4

2

SC SC
characteristic

SC

K A
u u u

w





 

= =  +  
 

 (24) 564 

 565 

F. Initial condition and boundary conditions 566 

 567 

1. Initial condition 568 

 569 

For the 1D transient screen compliance model, an 570 

initial condition of a quiescent fluid with no initial 571 

screen deflection is chosen. In other words, 𝑢(𝑥, 𝑡 =572 

0) = 0 𝑚/𝑠 and 𝑇𝑆𝐶(𝑥, 𝑡 = 0) = 0 𝑚 everywhere 573 

along the channel (both the exposed and submerged 574 

portions of the channel). Using the equation of state, 575 

this also implies that Δ𝑃𝑆𝐶(𝑥, 𝑡 = 0) = 0 𝑃𝑎 576 

everywhere along the channel. Note that this initial 577 

condition only applies to a zero-gravity case or a 578 

horizontally oriented channel.  579 

For a vertically oriented channel with gravity 580 

applied, the velocity, 𝑢, will still be zero across the 581 

channel initially; however, the 𝑇𝑆𝐶  and Δ𝑃𝑆𝐶  values 582 

will initially be a function of 𝑥 for the exposed portion 583 

of the channel. The transient screen compliance solver 584 

accounts for this by first calculating the hydrostatic 585 

head contribution to Δ𝑃𝑆𝐶  and converting it into a 𝑇𝑆𝐶  586 

initial condition via the equation of state prior to 587 

entering the transient numerical scheme. For most of 588 

the analysis in this study, gravity will be set to zero to 589 

isolate effects from transient screen compliance. 590 

 591 

2. Demand end boundary condition (𝒙 = 𝑳𝒅𝒆𝒎𝒂𝒏𝒅) 592 

 593 

The velocity boundary condition at the demand 594 

end of the channel, 𝑢(𝑥 = 𝐿𝑑𝑒𝑚𝑎𝑛𝑑 , 𝑡), is a user input 595 

as a function of time. The velocity at this boundary is 596 

set by the valve opening profile as a function of time. 597 

The current transient screen compliance solver allows 598 

for the user to input a linear, step change, equal 599 

percentage or quick valve opening. A graphical 600 

example of the linear, quick opening and equal 601 

percentage profiles is given in Fig. 7. The 602 

corresponding equations used for these profiles is 603 

given in equation (25) through equation (27), 604 

respectively. In these equations, 𝑢𝑑𝑒𝑚𝑎𝑛𝑑  is the steady 605 

state demand velocity and 𝑡𝑜𝑝𝑒𝑛 is the time when the 606 

valve is fully open (i.e. valve opening time). Note that 607 

the step change valve opening profile simply sets 608 

𝑢(𝑥 = 𝐿𝑑𝑒𝑚𝑎𝑛𝑑 , 𝑡) = 𝑢𝑑𝑒𝑚𝑎𝑛𝑑  for 𝑡 > 0 𝑠𝑒𝑐. 609 

 610 

 611 

Fig. 7.  Graphical example of valve opening profiles used as inputs 612 

for the demand end of the channel. 613 

 614 

Linear Profile: 615 

( , )
demand open

opendemand

demand open

t
u if t t

tu x L t

u if t t




= = 
 

 (25) 616 

 617 

Quick Opening Profile: 618 

( , ) 1 exp ln(0.01)demand demand

open

t
u x L t u

t

   
 = = −      

   

 (26) 619 

 620 

Equal Percentage Profile: 621 

2

( , )
demand open

demand open

demand open

t
u if t t

u x L t t

u if t t

  
    = =   




 (27) 622 

 623 

The thickness boundary condition at the demand 624 

end of the channel, 𝑇𝑆𝐶(𝑥 = 𝐿𝑑𝑒𝑚𝑎𝑛𝑑 , 𝑡), is 625 

extrapolated from the adjacent interior node point (i.e. 626 

𝜕𝑇𝑆𝐶

𝜕𝑥
|
𝑥=𝐿𝑑𝑒𝑚𝑎𝑛𝑑

= 0 occurs locally between the 627 

demand boundary and adjacent interior node). 628 

Referencing the equation of state, this implicitly states 629 

that the pressure difference across the screen along the 630 

channel, Δ𝑃𝑆𝐶 , does not change between the demand 631 

end boundary node and the node adjacent to the 632 

demand end boundary node (i.e. zero-order 633 

extrapolation). The error introduced from this 634 
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approximation approaches zero as the grid spacing 635 

goes to zero.  636 

Originally, it was thought that 𝑇𝑆𝐶  would need to 637 

be set to zero at the demand end boundary since the 638 

screen is fixed at that location. After further 639 

consideration, it was found that this would not make 640 

sense physically since it would also set Δ𝑃𝑆𝐶  equal to 641 

zero at that location via the equation of state. The 642 

reason why 𝑇𝑆𝐶  can be nonzero at the fixed demand 643 

end boundary is because 𝑇𝑆𝐶  is not an actual deflection 644 

thickness, but rather an effective deflection thickness. 645 

Recall that 𝑇𝑆𝐶  was originally derived in Camarotti et 646 

al. 2019 [2] by simply taking the volume of liquid 647 

extracted from the experimental screen compliance 648 

reservoir and dividing it by the area of the screen, 𝐴𝑆𝐶. 649 

This methodology does not account for the exact 650 

profile of screen deflection, thus creating an effective 651 

deflection thickness. 652 

 653 

3. Submerged end boundary condition (𝒙 =654 

𝑳𝒔𝒖𝒃𝒎𝒆𝒓𝒈𝒆𝒅) 655 

 656 

The velocity boundary condition at the submerged 657 

end of the channel, 𝑢(𝑥 = 𝐿𝑠𝑢𝑏𝑚𝑒𝑟𝑔𝑒𝑑 , 𝑡), is 658 

extrapolated from the adjacent interior node point (i.e. 659 

𝜕𝑢

𝜕𝑥
|
𝑥=𝐿𝑠𝑢𝑏𝑚𝑒𝑟𝑔𝑒𝑑

= 0 occurs locally between the 660 

submerged boundary and adjacent interior node). This 661 

implicitly states that the x-velocity does not change 662 

between the submerged end boundary node and the 663 

node adjacent to the submerged end boundary (i.e. 664 

zero-order extrapolation). The error introduced from 665 

this approximation approaches zero as the grid spacing 666 

goes to zero. 667 

There are two methods that are recommended to 668 

address the effective deflection thickness at the 669 

submerged end boundary condition, 𝑇𝑆𝐶(𝑥 =670 

𝐿𝑠𝑢𝑏𝑚𝑒𝑟𝑔𝑒𝑑 , 𝑡), for each time step. The first method 671 

(referred to as Method 1) involves taking the velocity 672 

boundary condition at the submerged end of the 673 

channel, 𝑢(𝑥 = 𝐿𝑠𝑢𝑏𝑚𝑒𝑟𝑔𝑒𝑑 , 𝑡), and inputting it into 674 

the steady 2D channel outflow solver which is based 675 

off of the equations from Darr et al. 2017 [7] (outlined 676 

in the “Steady State Model” subsection). From this 677 

steady 2D channel outflow solver, a pressure 678 

difference across the screen is determined at the 679 

submerged end of the channel, Δ𝑃𝑆𝐶(𝑥 =680 

𝐿𝑠𝑢𝑏𝑚𝑒𝑟𝑔𝑒𝑑 , 𝑡). The resulting Δ𝑃𝑆𝐶  is converted to 𝑇𝑆𝐶  681 

using the equation of state, thus establishing the 682 

boundary condition for effective deflection thickness 683 

at the submerged end of the channel, 𝑇𝑆𝐶(𝑥 =684 

𝐿𝑠𝑢𝑏𝑚𝑒𝑟𝑔𝑒𝑑 , 𝑡). The 2D channel outflow solver is 685 

implemented for each time step within the transient 686 

screen compliance solver. This is how the transient 1D 687 

solver for the exposed end of the channel is coupled to 688 

the steady 2D outflow solver for the submerged end of 689 

the channel. Note that Method 1 does not assume a 690 

uniform injection velocity across the screen for the 691 

submerged end of the channel. 692 

The second method (referred to here as Method 2) 693 

involves taking the velocity boundary condition at the 694 

submerged end of the channel, 𝑢(𝑥 = 𝐿𝑠𝑢𝑏𝑚𝑒𝑟𝑔𝑒𝑑 , 𝑡), 695 

and inputting it into the Armour and Cannon flow 696 

through screen pressure drop, Δ𝑃𝐹𝑇𝑆, model [11]. 697 

Method 2 is performed by converting the mass flow at 698 

𝑥 = 𝐿𝑠𝑢𝑏𝑚𝑒𝑟𝑔𝑒𝑑  to an evenly distributed injection 699 

velocity across the entire submerged portion of the 700 

channel. This approach is analogous to what was 701 

performed for the Hartwig et al. 2014 1D steady 702 

outflow model [6]. The equations used from Hartwig 703 

et al. 2014 are outlined in the “Steady State Model” 704 

subsection.  705 

For most of the analysis for in this study, Method 706 

1 will be used. However, it was decided to use Method 707 

2 for a comparison of transient screen compliance 708 

solver results to ANSYS Fluent results due to the ease 709 

of implementation of this method. Note that Method 1 710 

and Method 2 produce similar results for low demand 711 

Reynolds numbers (i.e. the submerged injection 712 

profile is uniform for low demand Reynolds numbers). 713 

 714 

G. Steady state model 715 

 716 

The steady state model used for the pressure drop 717 

across the screen for the exposed portion of the LAD 718 

channel (Δ𝑃𝑆𝐶,𝑆𝑆,𝑒𝑥𝑝𝑜𝑠𝑒𝑑) has been previously 719 

developed by Hartwig et al. 2014 [6]. The 720 

Δ𝑃𝑆𝐶,𝑆𝑆,𝑒𝑥𝑝𝑜𝑠𝑒𝑑 in this model is separated into four 721 

terms: hydrostatic pressure drop (Δ𝑃ℎ𝑦𝑑𝑟𝑜𝑠𝑡𝑎𝑡𝑖𝑐), flow 722 

through screen pressure drop (Δ𝑃𝐹𝑇𝑆), frictional 723 

pressure drop (Δ𝑃𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛𝑎𝑙), and dynamic pressure 724 

drop (Δ𝑃𝑑𝑦𝑛𝑎𝑚𝑖𝑐). For this study, the steady state 725 

model from Hartwig et al. 2014 is applied to the 726 

exposed section of the channel; therefore, the Δ𝑃𝐹𝑇𝑆 727 

term does not apply here. Furthermore, the Δ𝑃𝑑𝑦𝑛𝑎𝑚𝑖𝑐  728 

is accounted for in the submerged section steady state 729 

solver and does not need to be double counted in the 730 

exposed section of the channel.  731 

For convenience, the Δ𝑃𝑆𝐶,𝑆𝑆,𝑒𝑥𝑝𝑜𝑠𝑒𝑑 model used 732 

for the exposed portion of the channel is given in 733 

equation (28) through equation (30). In these 734 

equations, 𝑥 is the dimension along the length of the 735 

channel, 𝐿𝑠𝑢𝑏𝑚𝑒𝑟𝑔𝑒𝑑  is the submerged length of the 736 

channel, and 𝑢𝑑𝑒𝑚𝑎𝑛𝑑 is the steady state demand 737 

velocity. For the exposed portion of the screen, 738 

Δ𝑃𝑆𝐶,𝑆𝑆,𝑒𝑥𝑝𝑜𝑠𝑒𝑑 can be converted to an effective 739 

deflection thickness at steady state (𝑇𝑆𝐶,𝑆𝑆,𝑒𝑥𝑝𝑜𝑠𝑒𝑑) by 740 

simply imposing the equation of state and accounting 741 

for the appropriate signing convention.  742 
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 743 

, ,

, ,
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SC SS submerged hydrostatic frictional

P

P P P



=  − −
     (28) 744 

 745 

( )hydrostatic submergedP g x L = −          (29) 746 

 747 

( )

1
3

5
0

2

2

16
( ) tanh

12 2

( )

14.8
16 log

( )

frictional

SC SC n
demand SC submerged

n n

demand submerged SC

SC
SC

s SC

P

H w w
u w H x L

H

u x L H w

w H
w H

d w H


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
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

=



  
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  

− +
+

  
  

+  



(30) 748 

  749 

The Δ𝑃𝑆𝐶,𝑆𝑆,𝑠𝑢𝑏𝑚𝑒𝑟𝑔𝑒𝑑  terms to be evaluated when 750 

Method 1 (i.e. Darr et al. 2017 [7]) is applied is given 751 

in equation (31) through equation (35). In these 752 

equations, a fourth order Runge-Kutta method 753 

combined with the shooting method is used to solve 754 

for 𝑓 which is then used to find Δ𝑃𝑆𝐶,𝑆𝑆,𝑠𝑢𝑏𝑚𝑒𝑟𝑔𝑒𝑑 . In 755 

these equations, 𝛼 and 𝛽 are the Armour and Cannon 756 

fitting coefficients, 𝑄 is the tortuosity factor, 𝐵 is the 757 

thickness of the screen, 𝑎 is the surface area to volume 758 

ratio of the screen, 𝜀 is the screen porosity, 𝐷𝑃 is the 759 

effective pore diameter of the screen, and 𝑣𝑖𝑛𝑗  is the 760 

injection velocity into the channel across the screen.  761 

 762 

Method 1: 763 

1 12
2 ' '' (1 )
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12
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N
C f f f

f f

 
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 
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 765 

Re ,demand
e lam lam

u H
N C H




= =  (32) 766 

 767 

'inj demandv u f= −  (33) 768 

 769 

2

2 2
,lam turb

P

QBa QB
C C

D
 

 

  
= =   

   

 (34) 770 

 771 

( )2

, ,SC SS submerged lam inj turb injP C v C v  = − +  (35) 772 

 773 

The Δ𝑃𝑆𝐶,𝑆𝑆,𝑠𝑢𝑏𝑚𝑒𝑟𝑔𝑒𝑑  terms to be evaluated when 774 

Method 2 (i.e. Hartwig et al. 2014 [6]) is applied is 775 

given in equation (36) through equation (38). In these 776 

equations, 𝑚̇ is the demand mass flow rate and 𝐴𝑆𝐶 is 777 

the cross-sectional area of the screen. Note here that 778 

the Δ𝑃𝐹𝑇𝑆 and Δ𝑃𝑑𝑦𝑛𝑎𝑚𝑖𝑐  terms are included and the 779 

Δ𝑃ℎ𝑦𝑑𝑟𝑜𝑠𝑡𝑎𝑡𝑖𝑐 term is removed for the submerged case. 780 

 781 

Method 2: 782 

, ,SC SS submerged dynamic frictional FTSP P P P = − − −  (36) 783 

 784 

2

2

2

2
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
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 (37) 785 

2

2 22
dynamic

SC

m
P

H w
 =


  (38) 786 

 787 

For the exposed portion of the channel (i.e. 788 

𝐿𝑠𝑢𝑏𝑚𝑒𝑟𝑔𝑒𝑑 < 𝑥 < 𝐿𝑑𝑒𝑚𝑎𝑛𝑑), the steady state x-789 

component of the velocity (𝑢𝑆𝑆,𝑒𝑥𝑝𝑜𝑠𝑒𝑑) is simply 790 

equal to 𝑢𝑑𝑒𝑚𝑎𝑛𝑑. The reason for this is that at steady 791 

state, the exposed section of the channel is essentially 792 

a constant area rectangular duct with an 793 

incompressible fluid flowing through it. Therefore, to 794 

satisfy continuity at steady state, 𝑢𝑆𝑆,𝑒𝑥𝑝𝑜𝑠𝑒𝑑(𝑥, 𝑡 →795 

∞) = 𝑢𝑑𝑒𝑚𝑎𝑛𝑑. For the submerged portion of the 796 

channel (i.e. 0 < 𝑥 < 𝐿𝑠𝑢𝑏𝑚𝑒𝑟𝑔𝑒𝑑), the value for the 797 

steady state x-component of the velocity 798 

(𝑢𝑆𝑆,𝑠𝑢𝑏𝑚𝑒𝑟𝑔𝑒𝑑) depends on whether Method 1 or 799 

Method 2 is used. If Method 1 is chosen, then equation 800 

(39) can be used to find 𝑢𝑆𝑆,𝑠𝑢𝑏𝑚𝑒𝑟𝑔𝑒𝑑 . Note that this 801 

is the average of the 𝑢 velocity profile defined in Darr 802 

et al. 2017 [7]. In this equation, 𝑓 is solved for in the 803 

same manner discussed previously. If Method 2 is 804 

chosen, then equation (40) can be used to find 805 

𝑢𝑆𝑆,𝑠𝑢𝑏𝑚𝑒𝑟𝑔𝑒𝑑 . In this equation, 𝑣𝑖𝑛𝑗  is first found using 806 

a mass balance for the submerged portion of the 807 

channel assuming a uniform injection profile as shown 808 

in equation (41). Since Method 2 assumes a uniform 809 

injection velocity profile, a simple differential element 810 

mass balance can be performed on the submerged 811 

portion of the channel to find 𝑢𝑆𝑆,𝑠𝑢𝑏𝑚𝑒𝑟𝑔𝑒𝑑  shown in 812 

equation (40). 813 

 814 

Method 1: 815 

( )

,

0

1
1 6 1

SS submerged

H

demand

u

y y
u f dy

H H H

  
= + −  
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

 (39) 816 

 817 

Method 2: 818 

,SS submerged inj

x
u v

H
=  (40) 819 

 820 
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Method 2: 821 

demand
inj

submerged

u H
v

L
=  (41) 822 

 823 

IV. TRANSIENT SCREEN COMPLIANCE 824 

SOLVER 825 

 826 

A. Numerical discretization 827 

 828 

The numerical scheme used in the transient screen 829 

compliance solver is the Two-Step Lax-Wendroff 830 

method of Rubin and Burstein 1967 [12]. The first step 831 

for this method is given in equation (42) and involves 832 

calculating velocity and thickness values at half spatial 833 

steps and full timesteps via averaging. The second step 834 

in the method is given by equation (43). The definition 835 

for the half steps of the flux vector is given in equation 836 

(44). The values for 𝑈⃑⃑ , 𝐹 , and 𝑆  are given in equation 837 

(19), equation (20), and equation (21), respectively. 838 

 839 

( )
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 (42) 840 

 841 

1 1
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+ +
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 (43) 842 

 843 

( )1 1

1 1
2 2

n n

i i
F F U+ +

 
=  (44) 844 

  845 
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B. Stability criteria 846 

 847 

For all finite difference numerical discretization 848 

methods (e.g. Two-Step Lax-Wendroff method of 849 

Rubin and Burstein), stability criteria must be 850 

established to avoid unbounded growth of the solution 851 

in time. In many classical stability definitions, a 852 

Courant-Friedrichs-Lewy (CFL) number limit is 853 

established so that a Δ𝑡 can be found for a given Δ𝑥 854 

used in the numerical scheme. If a Δ 𝑡 is used that 855 

causes the CFL stability limit to be exceeded, the 856 

solution will experience unbounded growth in time 857 

and diverge. 858 

The stability criteria for this scheme is broken up 859 

into two components: inviscid stability, and viscid 860 

stability. It is common to split the nonlinear inviscid 861 

component and the linear viscid component of the 862 

governing equations to determine stability for finite 863 

difference methods. The inviscid stability deals with 864 

the characteristic speed of the inviscid set of equations 865 

as defined in the previous section. The viscid stability 866 

deals with only the viscous term. A CFL number will 867 

be determined for each component and a value of 𝑑𝑡 868 

will be chosen based on the stricter requirement (i.e. 869 

inviscid or viscid). Note that the definition for viscous 870 

stability is based on a classical second derivative 871 

definition of the viscous term; however, this classical 872 

viscous term is not used in the governing equations of 873 

this study. Nevertheless, the viscous stability 874 

definition is kept here out of conservativism to provide 875 

an additional layer of Δ𝑡 requirements to combat 876 

stability issues.  877 

Traditionally, a CFL number is determined by 878 

multiplying a velocity by a ratio of Δ𝑡/Δ𝑥. In the Euler 879 

equations, the velocity multiplied by the ratio of 880 

Δ𝑡/Δ𝑥 is the characteristic speed of the equations. In 881 

the screen compliance equations, since the 882 

characteristic speed is different than the Euler 883 

equations, the ratio of Δ𝑡/Δ𝑥will be multiplied by the 884 

maximum absolute value of the characteristic speed 885 

given in equation (24). The result of this substitution 886 

and the corresponding limit of Δ𝑡 for the inviscid 887 

portion of screen compliance is given in equation (45) 888 

and equation (46), respectively. The maximum value 889 

of 𝑢𝑐ℎ𝑎𝑟𝑎𝑐𝑡𝑒𝑟𝑖𝑠𝑡𝑖𝑐  is used to create a strict stability 890 

requirement for the two characteristic speeds. In other 891 

words, if the minimum value is taken, the Δ𝑡𝑖𝑛𝑣𝑖𝑠𝑐  892 

value would be larger which is not conservative (i.e. 893 

strict) in terms of stability. 894 

 895 

2max
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SC SC invisc

SC

t
CFL u

x

K A t
u u

w x


=




=  +



 (45) 896 

 897 

2

( )

max

invisc
invisc

SC SC

SC

CFL x
t

K A
u u

w


 =

 +

 (46) 898 

 899 

The viscid CFL-type number follows the traditional 900 

definition of kinematic viscosity, 𝜈, multiplied by 901 

Δ𝑡/(Δ𝑥2). The equation for this viscid CFL-type 902 

number and the corresponding limit of Δ𝑡 is given in 903 

equation (47) and equation (48), respectively.  904 

 905 

2( )

visc
visc

t
CFL

x



=


 (47) 906 

 907 

2( )( )visc
visc

CFL x
t




 =  (48) 908 

 909 

After performing a series of numerical test cases, 910 

Rubin and Burstein [12] suggested that a CFL number 911 

of 0.98 should be used to establish the stability limit 912 

for Δ𝑡. Therefore, a value of 0.98 was used for both the 913 

inviscid and viscid stability criteria. To determine a 914 

value for 𝐶𝐹𝐿𝑖𝑛𝑣𝑖𝑠𝑐  and corresponding Δ𝑡𝑖𝑛𝑣𝑖𝑠𝑐 , the 915 

steady state demand velocity, 𝑢𝑑𝑒𝑚𝑎𝑛𝑑 , is used in the 916 

transient screen compliance solver prior to entering the 917 

numerical scheme. The stricter of the two Δ𝑡 918 

requirements is then chosen and held constant 919 

throughout the numerical solution process to ensure 920 

stability. 921 

 922 

C. Transient screen compliance solver verification 923 

 924 

1. Mesh refinement analysis 925 

 926 

A mesh refinement analysis was performed for 927 

the transient screen compliance solver to determine a 928 

mesh size that yielded a solution that is grid 929 

independent and to determine the rate of convergence 930 

for the numerical scheme and boundary conditions 931 

used. Specifically, grid independence is defined as the 932 

mesh size that does not result in a change of results 933 

more than 1%. The improvement of results is defined 934 

by the error in the average velocity across the exposed 935 

section of the screen as a function of time. The error 936 

for a given mesh size, 𝐸𝑟𝑟𝑜𝑟𝑀, is more clearly defined 937 

in equation (49). In this equation, the operator ‖𝜉‖ is 938 

the L2-norm (i.e. Euclidean norm), [𝑢𝑎𝑣𝑔] is the vector 939 

of average velocity across the exposed section of the 940 

channel as a function of time, 𝑀 is the mesh size, and 941 

𝑀𝑚𝑎𝑥  is the finest mesh size used as part of this 942 

analysis. 943 

 944 
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max

max

avg avM g

M

av

M

g M

u u
Error

u

−
=

      

  

 (49) 945 

 946 

The inputs used for the cases of the mesh 947 

refinement analysis are given in Table 1 and Table 2. 948 

The graphical outputs from these cases are given in 949 

Fig. 8 through Fig. 10. Fig. 8 shows how the scheme 950 

converges by displaying 𝐸𝑟𝑟𝑜𝑟𝑀 as a function of grid 951 

size, Δ𝑥.  It can be seen from Fig. 8 that the rate of 952 

convergence, 𝑝,  starts around 𝑝 = 1 for the coarsest 953 

grids and approaches 𝑝 = 2 as the grid spacing 954 

decreases. Fig. 9 displays the average velocity, 𝑢𝑎𝑣𝑔, 955 

across the exposed section of the channel as a function 956 

of time for each grid size. Fig. 10 displays the velocity 957 

across the entire channel, 𝑢, as a function of channel 958 

location, 𝑥, at a time of 𝑡 = 0.05 𝑠 for each grid size. 959 

Note that Fig. 10 is not used to determine 𝐸𝑟𝑟𝑜𝑟𝑀, but 960 

is shown for the sake of completeness. From this 961 

analysis, it is concluded that Case 4 (i.e. Δ𝑥 =962 

2.29 × 10−3 𝑚, Δ𝑡 = 1.04 × 10−4 𝑠) displays grid 963 

independence in the manner previously defined for the 964 

cases studied. 965 

 966 

 967 

Fig. 8.  𝐸𝑟𝑟𝑜𝑟𝑀 as function of grid size for mesh refinement analysis. 968 

 969 

 970 

Fig. 9.  Average velocity for the exposed end of the channel as 971 

function of time for mesh refinement analysis. 972 

 973 

 974 

Fig. 10.  Velocity as function of channel location at 𝑡 = 0.05 𝑠𝑒𝑐 for 975 

mesh refinement analysis. 976 

 977 

Table 1. Shared inputs across all cases used in mesh refinement 978 

study. Note that fluid properties are evaluated at saturation for the 979 

given liquid temperature (i.e. quality of zero) and gravity is set to 980 

zero for all cases. 981 

Input Value 

Channel Cross-Sectional Aspect Ratio, 𝑤𝑆𝐶/𝐻 4 

Channel Cross-Sectional Width, 𝑤𝑆𝐶  (𝑖𝑛) 4 

Fluid Type Methane 

Liquid Temperature, 𝑇𝑙𝑖𝑞  (𝐾) 111.6 

Liquid Density, 𝜌 (𝑘𝑔/𝑚3) 422.5 

Liquid Viscosity, 𝜇 (𝑃𝑎 ∙ 𝑠) 1.17E-04 

Demand Mass Flow,  𝑚̇ (𝑘𝑔/𝑠) 0.1 

Screen Type 200x600 

Screen Compliance Constant, 𝐾𝑠𝑐 (𝑃𝑎/𝑚) 7.73E+06 

Outlet Valve Opening Time, 𝑡𝑜𝑝𝑒𝑛 (𝑠) 0.1 

Profile to Steady State Linear 

Exposed Channel Length Ratio, 𝐿𝑒𝑥𝑝𝑜𝑠𝑒𝑑/𝐿 0.8 

Total Channel Length, 𝐿 (𝑖𝑛) 36 

 982 

Table 2. Number of exposed and submerged grid points used for 983 

each mesh refinement case. 984 

Case Exposed Grid Points Submerged Grid Points 

1 41 11 
2 81 21 

3 161 41 

4 321 81 
5 641 161 

6 1281 321 

7 2561 641 

 985 

2. Generalized Rankine-Hugoniot condition analysis 986 

 987 

A Generalized Rankine-Hugoniot (RH) 988 

Condition Analysis is performed to verify the 989 

numerical scheme used to solve the governing 990 

equations of screen compliance for the exposed 991 

portion of the channel. For this analysis, an inviscid 992 

and zero-gravity case is considered. Note that the 993 

Two-Step Lax-Wendroff method of Rubin and 994 

Burstein [12] was only used on the convective flux 995 

terms, therefore this analysis should be sufficient for 996 

verifying the numerical scheme. The simplified case  997 

reduces the conservative form of the governing 998 

equations as shown in equation (50) through (52). 999 
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 1006 

Performing the Generalized RH Condition 1007 

Analysis involves first defining the RH Condition  1008 

given below for a traveling Heaviside step function 1009 

with the corresponding explicit governing equations. 1010 

Equation (53) is the Generalized RH Condition which 1011 

is used to write conservation of mass and momentum 1012 

in equation (54) and equation (55), respectively. In 1013 

these equations, subscripts 𝐿 and 𝑅 correspond to 1014 

values on the left and right sides of the step function. 1015 

𝑆 is the wave speed of the Heaviside step function. The 1016 

corresponding schematic for this scenario is given in 1017 

Fig. 11. 1018 

 1019 

 1020 

Fig. 11.  Simple schematic for Generalized RH Condition Analysis 1021 

for a traveling Heaviside step function. 1022 

 1023 
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 (55) 1028 

 1029 

The Generalized RH Condition equations above 1030 

are solved by picking values for 𝑢𝐿 , 𝑇𝑆𝐶𝐿
, 𝑆 and solving 1031 

for 𝑢𝑅, 𝑇𝑆𝐶𝑅
. Solving two equations above for the two 1032 

unknowns (𝑢𝑅 , 𝑇𝑆𝐶𝑅
) gives the relationships for 𝑢𝑅 and 1033 

𝑇𝑆𝐶𝑅
 in equation (56) through equation (60). For this 1034 

analysis, 𝑆 will be negative (i.e. the wave travels from 1035 

right to left) as shown in Fig. 11. 1036 

 1037 
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 1045 
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R L

CH
SC SC R L
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T T u u
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 1047 

An interesting observation is made on the 1048 

equations above when 𝑆 = ±√
𝐾𝑆𝐶𝐴𝐶𝐻

𝜌𝑤𝑆𝐶
. Specifically, 1049 

setting 𝑆 to this value results in 𝑢𝑅 = 𝑢𝐿 and 𝑇𝑆𝐶𝑅
=1050 

𝑇𝑆𝐶𝐿
. Note that if the wave is traveling from right to 1051 

left (i.e. 𝑆 < 0), a positive sign is used in the quadratic 1052 

equation for 𝑢𝑅 if the magnitude of the wave speed, 1053 

|𝑆|, is less than √
𝐾𝑆𝐶𝐴𝐶𝐻

𝜌𝑤𝑆𝐶
, and vice versa. If the wave is 1054 

traveling from left to right (i.e. 𝑆 > 0), a positive sign 1055 

is used in the quadratic equation for 𝑢𝑅 if the 1056 

magnitude of the wave speed, |𝑆|, is greater than 1057 

√
𝐾𝑆𝐶𝐴𝐶𝐻

𝜌𝑤𝑆𝐶
, and vice versa. Also note that these set of 1058 

governing equations do not support a standing wave 1059 

(i.e. 𝑆 = 0).  1060 

For this analysis, two different cases are presented 1061 

with values of 𝑆 chosen with respect to this interesting 1062 

value of 𝑆 = ±√
𝐾𝑆𝐶𝐴𝐶𝐻

𝜌𝑤𝑆𝐶
. Case 1 sets 𝑆 = −10−6 −1063 

√
𝐾𝑆𝐶𝐴𝐶𝐻

𝜌𝑤𝑆𝐶
 and Case 2 sets 𝑆 = −1 − √

𝐾𝑆𝐶𝐴𝐶𝐻

𝜌𝑤𝑆𝐶
. The 1064 

behavior of the scheme will be shown for each case 1065 

with a a grid size of 𝑁 = 321 at various times. Below 1066 

are the shared inputs used across both cases. The 1067 

length of the submerged section of the channel is not 1068 

used as an input for this Generalized RH Condition 1069 

analysis since the Two-Step Lax-Wendroff method of 1070 

Rubin and Burstein used for the transient screen 1071 

compliance solver only applies to the exposed portion 1072 

of the channel. 1073 

 1074 

• Velocity to the left of the step function, 𝑢𝐿 =1075 

0 𝑚/𝑠 1076 

• Effective Deflection Thickness to the left of the 1077 

step function, 𝑇𝑆𝐶𝐿
= 0 𝑚 1078 

• Density, 𝜌 = 422.5 𝑘𝑔/𝑚3 1079 

• CFL Number = 0.98 1080 

• Exposed Channel Length, 𝐿𝑒𝑥𝑝𝑜𝑠𝑒𝑑 = 0.7315 𝑚 1081 
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• Channel Width, 𝑤𝑆𝐶 = 0.1016 𝑚 1082 

• Channel Area, 𝐴𝐶𝐻 = 0.0026 𝑚2 1083 

• Screen Compliance Constant, 𝐾𝑆𝐶 = 7.73 ×1084 

106 𝑃𝑎/𝑚 1085 

• √
𝐾𝑆𝐶𝐴𝐶𝐻

𝜌𝑤𝑆𝐶
= 21.558423 𝑚/𝑠 1086 

 1087 

Results for Case 1 and Case 2 are shown in Fig. 1088 

12 and Fig. 13, respectively, with a grid size of 𝑁 =1089 

321. Note that the results are compared to an exact 1090 

solution that has a wave speed equal to the chosen 1091 

value of 𝑆 and a wave magnitude equal to the 1092 

calculated value of 𝑢𝑅 and 𝑇𝑆𝐶𝑅
 for each case. The 1093 

numerical overshoot shown in the scheme is expected 1094 

for the Two-Step Lax-Wendroff method being used. 1095 

This numerical overshoot should not be a major issue 1096 

in the screen compliance problem since the valve 1097 

opening time is finite (i.e. valve opening time, 𝑡𝑜𝑝𝑒𝑛 >1098 

0). Therefore, the exposed end of the channel will not 1099 

experience a large discontinuity resembling what is 1100 

used in this Generalized RH Condition Analysis. 1101 

Furthermore, the numerical overshoot in this case is 1102 

considered to be conservative since it predicts a higher 1103 

𝑇𝑆𝐶  (and corresponding Δ𝑃𝑆𝐶) when compared to a 1104 

case with no numerical overshoot. As a result, the 1105 

implemented Two-Step Lax-Wendroff method of 1106 

Rubin and Burstein works relatively well for this 1107 

application.   1108 
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A)   

B)  

C)  

Fig. 12.  Results from Case 1 with 𝑆 = −10−6 − √
𝐾𝑆𝐶𝐴𝐶𝐻

𝜌𝑤𝑆𝐶
 and 𝑁 = 321 at time A) 𝑡 = 0.01 𝑠, B) 𝑡 = 0.02 𝑠, and C) 𝑡 = 0.03 . 
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A)  

B)  

C)  

Fig. 13.  Results from Case 2 with 𝑆 = −1 − √
𝐾𝑆𝐶𝐴𝐶𝐻

𝜌𝑤𝑆𝐶
 and 𝑁 = 321 at time A) 𝑡 = 0.01 𝑠, B) 𝑡 = 0.02 𝑠, and C) 𝑡 = 0.03 𝑠. 
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3. Comparison with ANSYS Fluent 

 

In addition to the previously discussed analyses, a 

comparison was also made between ANSYS Fluent 

results and the transient screen compliance solver. A 

comparison to ANSYS Fluent was made for three 

reasons. First, there is currently no known publically 

available data for full LAD channel screen 

compliance, therefore a comparison to ANSYS Fluent 

is being used as a check (not a full model validation). 

Second, the transient screen compliance solver and the 

ANSYS Fluent solver use two different numerical 

schemes (i.e. finite difference method and finite 

volume method, respectively) with results showing 

that major features of the solution are mostly 

independent of the scheme used. Third, the transient 

screen compliance solver is 1D and the ANSYS Fluent 

solver is 2D with results showing that the 1D 

assumption does not have a significant impact on 

results. 

There are a few important notes to make for this 

comparison. First, the ANSYS Fluent model uses a 

pressure-based solver while the transient screen 

compliance solver uses the Two-step Lax-Wendroff 

method of Rubin and Burstein. The ANSYS Fluent 

model utilizes a dynamic mesh that updates after each 

iteration within a timestep to strongly couple the 

effective deflection thickness, 𝑇𝑆𝐶 , and the pressure 

difference across the screen, Δ𝑃𝑆𝐶 . The transient 

screen compliance solver solves the governing 

equations of screen compliance explicitly using a non-

iterative method. 

The second note to make for this comparison is 

regarding boundary conditions. The boundary 

conditions at 𝑥 = 𝐿𝑠𝑢𝑏𝑚𝑒𝑟𝑔𝑒𝑑  and 𝑥 = 𝐿𝑑𝑒𝑚𝑎𝑛𝑑 are the 

same for both models. Since the ANSYS Fluent model 

is a 2D solver, there are two additional boundary 

conditions needed for input. The boundary condition 

at the top of the channel (𝑦 = 𝐻) is determined as 

follows: pressure is extrapolated from an interior cell 

center to the boundary face (
𝜕(Δ𝑃𝑆𝐶)

𝜕𝑦
|
𝑦=

= 0) and then 

converted to an effective deflection thickness, 𝑇𝑆𝐶 , via 

the equation of state. 𝑇𝑆𝐶  is then used to dynamically 

update the mesh after each iteration using a user 

defined function (UDF). The boundary condition at 

the bottom of the channel (𝑦 = 0) is simply modeled 

as a wall in ANSYS Fluent (i.e. no-slip condition). In 

other words, for the boundary at the bottom of the 

channel, 𝑢(𝑦 = 0) = 0.  

Third, the 2D ANSYS Fluent model that was used 

took multiple days to run for a half second transient 

simulation. This is due to the dynamic mesh updating 

method and strong under-relaxation factors that were 

used for the ANSYS Fluent model. To the best 

knowledge of the author, ANSYS Fluent does not 

allow for parallel computing to be easily implemented 

for the dynamic mesh updating tool which drastically 

increased computation time. For comparison, the 

hand-written 1D transient screen compliance solver 

took either a few seconds or minutes to run, depending 

on the inputs for a given case. 

The remaining inputs for the transient screen 

compliance solver and ANSYS Fluent comparison are 

given in Table 3. A qualitative comparison between 

the two solvers can be seen in Fig. 14 for the initiation 

of the transient. Fig. 15 shows how the transient 

solutions approach the steady state solution as time 

increases. Note that in both figures, the steady state 

solution represents the model that is outlined in the 

“Steady state model” section.  

It can be seen in these figures that the solutions 

agree well with respect to wave propagation speed and 

wave magnitude. The discrepancy between the 

solutions arises when the sharpness of the wave is 

considered. It is suspected that this is a result of the 

differences between numerical schemes used in the 

transient screen compliance and ANSYS Fluent 

solvers. Fortunately, it appears that the sharpness of 

the wave does not have an impact on the acceptance 

criteria of the solver (i.e. maximum pressure 

difference across the screen, Δ𝑃𝑆𝐶𝑚𝑎𝑥
′).
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A)  

B)  

C)  

Fig. 14.  Comparison of the transient screen compliance solver and ANSYS Fluent results at A) 𝑡 = 0.015 𝑠, B) 𝑡 = 0.045 𝑠, and C) 𝑡 = 0.075 𝑠. 
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A)  

B)  

C)  

Fig. 15.  Comparison of the transient screen compliance solver and ANSYS Fluent results at A) 𝑡 = 0.15 𝑠, B) 𝑡 = 0.30 𝑠, and C) 𝑡 = 0.45 𝑠. 
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Table 3. Inputs for transient screen compliance solver and ANSYS Fluent solver comparison. Note that for the ANSYS Fluent solver, transient 

screen compliance solver fluid properties are used in the submerged boundary condition UDF. Furthermore, the ANSYS Fluent submerged 

boundary condition UDF neglects viscous pressure drop effects along the channel since these effects are considered negligible for such a short 

submerged portion of the channel. 

Input Transient Screen Compliance Solver ANSYS Fluent Solver 

Fluid Liquid Nitrogen Liquid Nitrogen 

Density, 𝜌 (𝑘𝑔/𝑚3) 807.7 806.1 

Viscosity, 𝜇 (𝑃𝑎 ∙ 𝑠) 1.63e-4 1.61e-4 

Screen Type 325x2300 325x2300 

Screen Compliance Constant, 𝐾𝑆𝐶  (𝑃𝑎 𝑚⁄ ) 1e7 1e7 

Channel Height, 𝐻 (𝑚) 0.0254 0.0254 

Channel Width, 𝑤𝑠𝑐 (𝑚) 0.0254 0.0254 

Exposed Channel Length, 𝐿𝑒𝑥𝑝𝑜𝑠𝑒𝑑 (𝑚) 1 1 

Submerged Channel Length, 𝐿𝑠𝑢𝑏𝑚𝑒𝑟𝑔𝑒𝑑 (𝑚) 0.1 0.1 

Demand Velocity Profile to Steady State Step Change Step Change 

Steady State Demand Velocity, 𝑢𝑑𝑒𝑚𝑎𝑛𝑑  (𝑚 𝑠⁄ ) 0.01 0.01 

Gravity, 𝑔 (𝑚 𝑠2⁄ ) 0 0 

Submerged Boundary Condition Method 2 Method 2 

Number of Exposed Grid Points, 𝑁𝑥,𝑒𝑥𝑝𝑜𝑠𝑒𝑑 101 N/A 

Number of Submerged Grid Points, 𝑁𝑥,𝑠𝑢𝑏𝑚𝑒𝑟𝑔𝑒𝑑 11 N/A 

Time Step, Δ𝑡 (𝑠) 0.0005 0.0005 

Viscous Model See discussion Laminar 

Number of Cells in x-direction (ANSYS only) N/A 100 

Number of Cells in y-direction (ANSYS only) N/A 4 

Pressure Under-Relaxation Factor (ANSYS only) N/A 0.0002 

All Other Under-Relaxation Factors (ANSYS only) N/A Kept as ANSYS default 

Pressure Velocity Couple (ANSYS only) N/A SIMPLE 

Spatial Gradient Discretization (ANSYS only) N/A Green-Gauss Node Based 

Spatial Pressure Discretization (ANSYS only) N/A PRESTO! 

Spatial Momentum Discretization (ANSYS only) N/A Third-Order MUSCL 

Transient Formulation (ANSYS only) N/A First Order Implicit 

 

V. GENERAL DISCUSSION 
 

One of the purposes of this section will be to 

highlight a few approximations taken as part of this 

analysis. The first approximation involves the 

application of the submerged section solver at the 

submerged end boundary condition. The second 

approximation involves assuming that 𝐾𝑆𝐶  does not 

change as a function of 𝑥. The third approximation 

involves the simplified viscous term used as part of 

this 1D model. The implications of these highlighted 

approximations will be discussed, and potential future 

work will be addressed. After highlighting these 

approximations, a recommended safety factor for 

transient screen compliance analysis will be presented 

and a few concluding remarks will be made.   

The first highlighted approximation involving the 

application of the submerged section solver (i.e. 

Method 1 or Method 2) is taken in order to couple the 

1D transient screen compliance solver used on the 

exposed section of the channel with the steady solver 

used on the submerged end of the channel. As 

discussed, the coupling involves extrapolating a 

velocity at the submerged end boundary of the 

exposed section of the channel and inputting the value 

into the steady submerged solver for each timestep. 

This coupling methodology introduces a quasi-

transient submerged section of the channel. In other 

words, a steady state solver is updated for the 

submerged end of the channel at each time step. The 

main implicit assumption taken with this coupling 

methodology is that the injection velocity is fully 

developed for each time step. A theoretical case could 

be made that the effects of this approximation are 

negligible. Since the demand mass flow on the 

submerged portion of the channel is satisfied by an 

injection velocity and not screen deflection, it is 

expected that the submerged section of the channel 

would have incompressible flow characteristics (i.e. 

the characteristic wave propagation speed would be 

very large). This would allow for the submerged 

boundary to instantaneously communicate with the 

entire submerged section of the channel; however, it 

still does not directly address the assumption that the 

submerged injection velocity is fully developed at 

each timestep. It would need to be determined 

empirically if the effects of this approximation are 

negligible or if a separate transient 2D submerged 

section solver needs to be developed. 

A more consequential approximation may involve 

the second highlighted approximation that 𝐾𝑆𝐶  is not a 

function of 𝑥. The approximation implicitly enforces 

𝑇𝑆𝐶  being an effective deflection thickness and not an 

actual deflection thickness. In other words, 𝐾𝑆𝐶  is 

simply used to couple mass and momentum by 
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providing a relationship between Δ𝑃𝑆𝐶  and 𝑇𝑆𝐶  via the 

equation of state. If 𝑇𝑆𝐶  was an actual deflection 

thickness, then a boundary condition of 𝑇𝑆𝐶 = 0 would 

need to be enforced at the fixed demand end of the 

channel. Therefore, to capture actual screen deflection, 

𝐾𝑆𝐶  would need to vary with respect to 𝑥 (i.e. it is 

expected that the screen would not deflect as much 

near the fixed boundaries and deflect more towards the 

middle of the channel). The consequence of this 

approximation could be a Δ𝑃𝑆𝐶 ′ increase at the demand 

end of the channel since the actual screen would not 

be able to deflect as much at that location. Another 

consequence of 𝐾𝑆𝐶  not being a function of 𝑥 is that 

the characteristic speed for the exposed section of the 

channel does not vary as a function of 𝑥. If 𝐾𝑆𝐶  is 

varied as a function of 𝑥, the characteristic speed 

would vary along the exposed section of the channel. 

If it is determined that this approximation is not 

negligible, the equation of state would need to be 

modified to make 𝐾𝑆𝐶  a function of 𝑥. This would most 

likely require additional testing and analysis. 

The final highlighted approximation is a rather 

simple point to make and involves the modified 

viscous term that is being used as a part of this study. 

As discussed, the current form of the screen 

compliance model is 1D and needs to implement a 

modified viscous term to properly account for steady 

state pressure drop. The modified viscous term used 

was taken from Hartwig et al. 2014 [6] which assumes 

a steady state velocity profile in the channel. For 

highly turbulent transient flows, this approximation 

may not be very accurate. However, as discussed in 

Hartwig et al. 2014, the viscous effects during LAD 

channel operation are considered second order in a 

microgravity environment. Therefore, the additional 

analysis required to properly analyze transient 3D 

turbulent flow during LAD screen compliance may not 

be necessary in this application. 

It is important that this model be validated with 

empirical data. The fact that this transient model 

shows significantly higher Δ𝑃𝑆𝐶𝑚𝑎𝑥
′ values than the 

steady state model indicates that if transient screen 

compliance is not properly accounted for during LAD 

operation, a large amount of vapor could be ingested 

into the channel. An example of the difference 

between Δ𝑃𝑆𝐶𝑚𝑎𝑥
′ values at steady state and during a 

transient can be seen in Fig. 14 and Fig. 15 where 

transient values are approximately three times higher 

than steady state values. Part of the empirical work 

should determine which assumptions and 

approximations are appropriate and which ones 

introduce unacceptable amounts of error. The result of 

the model validation will allow for smaller transient 

safety factors to be used and increased confidence in 

transient LAD channel design. Jaekle 1997 [1] 

recommends a relatively large safety factor of two or 

three to be used on the bubble point value in 

conjunction with this transient screen compliance 

analysis. 

 

VI. CONCLUSION 
 

This study developed and verified a transient 

LAD outflow solver using a new model that has been 

modified from the original screen compliance model 

from Jaekle 1997 [1] and the equation of state 

developed by Camarotti et al. 2019 [2]. The viscous 

term in the 1D transient screen compliance model has 

been modified to ensure that a viscous pressure drop 

along the channel can exist at steady state that matches 

historically developed steady state models. Along with 

modifying the viscous term, a derivation has been 

provided for the 1D transient screen compliance model 

that had not been previously developed. The 

characteristic speed of the governing equations has 

been found and used to establish the transient screen 

compliance solver stability criteria for the Two-Step 

Lax-Wendroff method of Rubin and Burstein used in 

this solver. The solver was verified using a mesh 

refinement analysis, Generalized RH Condition 

analysis, and a comparison with ANSYS Fluent.  

It has been concluded that the understanding of 

LAD transient screen compliance is crucial for 

successful LAD operation. As shown in this study, the 

transient maximum pressure difference across the 

screen can greatly exceed the steady state maximum 

pressure difference across the screen in many cases. 

For example, the transient pressure difference across 

the screen for the sample case shown in Fig. 14 and 

Fig. 15 is approximately three times higher than the 

steady state pressure difference across the screen. As a 

result, it is important that this model be validated with 

empirical data to determine if the assumptions and 

approximations taken in this model are warranted or if 

additional analysis is needed. Currently, Jaekle 1997 

[1] recommends a safety factor of two or three to be 

used on the bubble point value in conjunction with this 

transient screen compliance analysis due to the 

approximations taken as part of this model. Validating 

the transient screen compliance model with empirical 

data will allow for smaller transient safety factors to 

be used and an increased confidence in transient LAD 

channel design. 
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