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Gravity-Driven Refluxing Model
Based on Film Flow With No Imbibition

Equations by Frank Dodge
Material-parameter tables (parameter values versus temperature) by Mikko Ahola
Numerical Implementation by Goodluck I Ofoeghbu

Outline of Numerical Algorithm

The model will be implemented through four code modules as follows.

Air-Vapor-Mix Module: This module will be implemented as a functional data structure
AirVaporMix that is equiped with storage space and a group of internal functions to keep track of
mix temperature (T,), mix volume (V), incremental mix volume (Av), z-coordinate of mix base

(Z4), and the evaporation, condensation, boil-off, bare-rock, and rock-vapor terms in the energy
and mass-balance equations.

Liquid-Element Module: This module will be implemented as a functional data structure

. LiquidElem that is equiped with storage space and a group of internal functions to keep track of

properties and attributes of the liquid cells (i.e., film segments). This module provides the wall-
normal temperature gradient to, and receives wall temperature from, the rock-temperature
module. It receives mixture temperature, Ty, and base coordinate, Z,, from the AirVaporMix
element, and provides state-variable values required to update the evaporation, condensation,
boil-off, bare-rock, and rock-vapor terms of the energy and mass-balance equations, which are
stored and evaluated in the AirVaporMix element.

Rock-Temperature Module: This module computes rock temperature using an explicit
integrated finite difference algorithm. It supplies wall-rock temperature to LiquidElem elements,
which, in turn, supply this module with values of wall-normal temperature gradient.

Iteration Module: This module invokes member functions of the AirVaporMix element to
update the properties and attributes of the air-vapor mix. Thereafter, the module steps through the
LiquidElem elements from top to base, updating their status, properties, and attributes. Also, it
invokes member functions of the AirVaporMix element to update the evaporation, condensation,
boil-off, bare-rock, and rock-vapor terms of the energy and mass-balance equations, depending
on the status of the various LiquidElem elements.
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1.0 Liquid Element Data Members

itsHeight Az {m]

itsBase Z+Az [m]

preWidth 3(t) [m]

curWidth S(t+At) [m]

preFluxDown my(Z+AZ,t) [kg/s/m]
curFluxDown my (Z+AZ,t+AL) [kg/s/m]

wallTemp To(z+AZ/2,t+AL) K]

fluxFromVapor My [kg/s/m/m]

dDdt da/dt [my/s]

dTdy dT/dy [K/m]

boiledOff TRUE/FALSE [TRUE=1, FALSE=0]

@

Notes

Data member wallTemp is computed through separate analysis of wall rock, which is coupled to

liquid-vapor-air analyses through wall-normal temperature gradient dTdy. Wall-rock analysis

should ensure that wallTemp increases downward, i.e., k.wallTemp >= j.wallTemp for each
element j underlain by element k.

Value of downward flux into a liquid element is stored with the overlying element. Downward
flux into top element equals the input infiltration rate, mo. .

Liquid element data variables are evaluated at time t+At, starting with the top element and
marching down one element at a time.

2.0 March-Down Procedure For Liquid Elements

Element index: k=1 at top; k=kmax at base.

Element pointer: pL for current element; poL for overlying element.
AirVaporMix element reference: MixEIem gsupplied to all functions that need it)
Top-boundary temperature: T theMi¥ w

Top-boundary flux: m,

Boiling temperature: Ty

Thix = Wf)@[‘ emperature()

For k=1

T,, = pL->GetWallTemp()
Ty = (T + Trmin)/2

if(Te>=Ty)
BoilOffFlux(pL,mo; Ter)
if (pL->HasBoiledOff() is FALSE) BoilOffElem(pL)
endif

else UpdateLiquidElem(pL, m,, M,) [TL<T,]

endif

N

|

|

|

.—L—-«-—--—-—v-—»«--—-«-—-

For k>1

ctf = current value of downward flux in element k-1
ptf = previous value of downward flux in element k-1

if (poL->HasBoiledOff() and pL->H
BoilOffFlux(pL,0.0,%‘%‘,

else if (poL->HasBoiledOff() an {pL->HasBoiledOff() is FALSE))
BoilOffElem(pL)

oiledOf()

else [poL->HasBoiledOff() is FALSE]
ptf = poL->GetPreFluxDown()

ctf = poL->GetCurFluxDown()

topTemp = (poL->GetWallTemp() + Tni,)/2

Ty = (pL->GetWallTemp() + Tri)/2

if (T < Ty) UpdateLiquidElem(pL,ptf,ctf)

else [TL>=T,]
BoilOffFlux(pL,ctf, tgp:pcrﬁﬁi“““"@
if (pL->HasBoiledOff() is FALSE)
BoilOffElem(pL)
endif
endif
endif

3.0 Functions that Operate on Liguid Elements

pL = pointer to.liquid element; ctf and ptf are current and previous fluxes in overlying element
Reference to AirVaporMix element (rMi is assumed accessible
T, = boiling temperature thaMhXi

3.1.

BoilOffElem(pL.) Boil off existing liquid element]
Az = pL—>GetHeignt

3 = pL->GetCurWidth()

w5 pr = pr(Tv) [Evaluate
- AddToBoilOff(p . 8C, T Az, p.8AZ)
~>SetBoiledOff(TRUE)

pL->SetWidth(0.0)

pL->SetFluxDown(0.0)

pL->SetdTdy()

return

2

and p, at temperature T,]

3.2.  BoilOffFlux(pL,mTop, topTemp) [Vaporize incoming flux]
mTop = incoming flux

topTemp = temperature of4nco

if (mTop > 0.0)

endif




66 ] I
[ | [ —
T ‘ .
I ——
i - 4.2. SetFlux Vapor() [Compute condensation (or evaporation) flux, |
— if (pL->HasBoiledOff()) [Element is already bare-wall element] S .
e Az = pL->GetHeight() : % —M’*Eié etZHotCold()
T, = pL->GetWallTemp() __ zTop =itsBase — itsHeight
U — g Wi Eggh I pE— = . L . )
o @r Tagi .AddToBareWall(A*Ty*Az) I fluxFromVapor = 0.0  [No condensation/evaporation if element is above cold/hot gas interface]
‘ . pL->SetdTdy() . if(zTop>=2z4)
" endi | ke = ke(Ty)
— Tetum T hfg = hfg(TL)
— =
w33, UpdateLiquidElem(pL, ptf, ctf) [Update values of liquid-element data) | T endif fluxFromVapor = [Eq. (15), p. 59 of Notebook]
— T et
Ty = (pL->GetWallTemp() + Tmix)/2 | e
; L->SetBoiledOff(FALSE)
gL->Se {Width(c tf)( — 4.3.  SetdDdt(preTopFlux, curTopFlux) [Compute d5/dt]
pL->SetFluxFromVapor() . .
- my, = pL->GetFluxFromVapor() Input Vana’lIJ‘lesf L
e if (> 0.0) [m,, is a condensation flux] curTopFlux = value of curFluxDown in overlying element [my(z,t+At)]
- C, = Cy(Tanio) pre&;)gFﬁux value of preFluxDown in overlying element [my(z,1)]
L 3 i *C ¥ T *AZ), in*A curwidt]
—— e % Condensate((Min*Cy* T *AZ), (M *Az)) fluxFromVapor
b f (M < 0.0) [my, is an evaporation flux] dDdt = %Tlmf
: Cy = Cy : t = [Eq. (14), p. 61 of Notebook]
‘ }M‘rﬁf‘ Evaporate((—mm*CL*TL*AZ) (—my,*Az)) oy return
B ;?f;fsethdt(ptf h\ 4.4. SetFluxDown(topFlux) [Compute downward flux out of element, my]
L_,_,_'_.._mm pL->SetFluxDown(ctf) r““’—' o — put Variables:
) pL->SetdTdy() — topFlux = value of i i
- returm : - prlux = value of curFluxDown in overlying element [my (z,t+At)]
current value of fluxFromVapor [mj,(t+At)]
. current value of dDdt [d&/dt(t+AL)]
- 4.0 Liquid Element Member Functions | dTime = time increment
| — S——
| Tmix = tMixElem.GetTemperature() /’“"”" = preFluxDown = curFluxDown
‘r”m TL = (wa]lTemp + Tm]x)/ 2 ! . ?HI'FIUXI.)OWII =0.0
= dTime = Time increment 1 if (curWidth > 0.0) [my. is nonzero only if 5>0]
- i S pr = pu(To)
! 4.1.  SetWidth(topFlux) [Compute film width (8) given flux at top of element] ?"‘“""’ S e curFluxDown = [Eq. (13), p. 59 of Notebook]
| S | endi
e preWidth = curWidth b——F " if (curFluxDown < 0.0) curFluxDown = 0.0 [Should my, be adjusted after this correction?]
i idth = 0.0 B e (i1 1ys .
< 3 curWidth = 0.
j if (topFlux > 0.0) ‘
‘Lﬂmw—-—-»«- g = gravitational acceleration  [m/ sz]3 [Compute wall-normal temperature gradient dT/dy]
T pr = pu(TL) [kg/m’] ‘
"\ pe = (T [kg/m/s] onductivity of wall rock
[ curWidth = [Eq. (18), p. 59 of Notebook] em.GetZHotCold() ’
b endif zTop = itsBase — itsHeight /
| return r“""‘”/ T -




if (zTop < z4)
dTdy = 0! :

else if (boiledOTF) (+ (prewhdtia >0)) [Use bare-rock approximation]
dTdy = (Tmix — wallTemp)/A

[Element within cold-gas zone}

else
ky, =k (Tv) = liquid thermal conductivity at temperature Ty
dTdy = [Eq. (16b), p. 61 of Notebook]

endif

return

4.6. Other Functions [Simple but important, mostly inline, functions]

4.6.1 SetBoiledOff(status)
boiledOff = status
return

[status=TRUE or status=FALSE)]

4.6.2 SetWallTemp(temp)
wallTemp = temp
return

4.6.3 GetCurWidth()
return (curWidth)

4.6.4 GetPreWidth()
return (preWidth)

4.6.5 GetdDdt()
return (dDdt)

4.6.6 GetFluxFromVapor
return (fluxFromVapor)

4.6.7 GetdTdy()
return (dTdy)

4.6.8 GetPreFluxDown()
return (preFluxDown)

4.6.9 GetCurFluxDown()
return (curFluxDown)

4.6.10 GetWallTemp()
return (wallTemp)

4.6.11 HasBoiledOff()
return (boiledOff)

o

4.6.12 GetHeight()
return (itsHeight)

4.6.13 GetBase()
return (itsBase)

5.0 AirVaporMix Element Data Members

preTemp Trnixf) (t-at ‘
curTemp Tuix(t3A0) (£) |~
preVol Vi~ (& -ak)

dvol AVaAn(E) (W

K]

K]
[m*m]
[m3/ m]
[Pa}

P plap e P, (HATT ()

preZHotCold 24 & —DL)

curZHotCold 24 (AT

eRokVapor m,C, T accumulation term
eEvaporate m,C Ty, accumulation term
eCondensate m.C, Thix accumulation term
eBareWall ATwAz accumulation term
eBoilOff pL8C, T, Az accumulation term
vRokVapor m, accumulation term
vEvaporate mAz accumulation term
vCondensate m.Az accumulation term
vBoilOff pLOAz accumulation term
Notes

[Pa]

[m]

[m]

[Eq. (11), p. 33 of Notebook]
[Eq. (11), p. 33 of Notebook]
[Eq. (11), p. 33 of Notebook]
[Eq. (11), p. 33 of Notebook]
[Eq. (11), p. 33 of Notebook]
[Eq. (6), p. 35 of Notebook]
[Eq. (6), p. 35 of Notebook]
[Eq. (6), p. 35 of Notebook]
[Eq. (6), p. 35 of Notebook]

e
One AirVaporMix element (named mixElem) will be declared inside of main() to

this element, rMixElem, will be made available to functions that need it. AirVaporMix data
members are evaluated at time t+At using liquid element properties at time t.

6.0 AirVaporMix Element Member Functions

6.1 ResetAccumulators()

eRokVapor = eEvaporate = eCondensate = eBareWall = eBoilOff = 0.0

vRokVapor = vEvaporate = vCondensate = vBoilOff = 0.0
return

6.2 AddToRokVapor(de,dv)

eRokVapor +=de
vRokVapor += dv
return




6.3 AddToEvaporate(de,dv)

eEvaporate += de
vEvaporate += dv
return

. 6.4 AddToCondensate(de,dv)

eCondensate += de
vCondensate += dv
return

6.5 AddToBoilOff(de,dv)

eBoilOff +=de
vBoilOff += dv
return

6.6 AddToBareWall(de)

eBareWall += de
eturn
.7 SetTemperature() [Compute Tix]

Pnix = 1.01325 * 10° [Pa, atmospheric pressure]

R =8314 [J/kmoV/K, universal gas constant]
M = 28.97 [kg/kmol, molecular mass of air]
Myater = 18.02 [kg/kmol, molecular mass of water]

R = RIM, = 287.0
Rv = R/Mwater =461.4

Ruix = [Eq. on p. SZ “9'1: Note

[I/kg/K, gas constant for air]
[J/kg/K, gas constant for water vapor]

[Specific heat of air at temperature ?rve"fem
[Specific heat of vapor at temperature PreTen
[Specific heat of air-vapor mixture]

[curVol now stores volume at time t]

[divide accumulated eBareWall by curVol]

[divide accumulated eBoilOff by product indicated]

Cair = Cairqs?e:remp)

Cv = Cv(ptéTemp)

Chix = [Eq. on p. 37 of Notebook]
curVol = preVol + dVol

eBareWall /= curVol

eBoilOff /= (Pmix * Cmix * curVol)
ratio = dTime/( Pmix * Cumix * curVol)
preTemp = curTemp

curTemp += ratio * (¢€RokVapor + eEvaporate — eCondensate)+ eBareWall + eBoilO ;’
return

6.8 SetPv() [Compute partial vapor pressure Py]

hgg = hgg(preTemp)
prePv = curPv

L Uﬁp/ il
|

|
|

s

X

(0

[Compute air-vapor mixture volume]

f:uer += [hgg * Pmix/(Rv*preTemp*preTemp)]*(curTemp — preTemp)
if (curPv > Py;,) curPv=P,;,
return

6.9 SetVolume()

if (curPv < Ppy,)
h¢g = hg(preTemp)
| dpmix/dt = [Eq. (9a), p. 35 of Notebook]
else

dpmix/dt = [Eq. (9b), p. 35 of Notebook]
endif

preVol +=.dVol \
Pumix = Pruin/ (Rmix * preTemp)
ratio = dTime/ Py,

VBOIilOff /= pmix [Divide accumulated vBoilOff by ;]

dVol = ratio*(vRokVapor + - i i '
gVl por + vEvaporate — vCondensate) + vBoilOff — ratio*preVol*dp,;,/dt

[preVol now stores volume at time t]

T
AR

\\\\T/HH

.10 SetZHotCold() [compute z,4]

reZHotCold = curZHotCold

curZHotCold = preZHotCold — dVol/A
return

6.11 GetPreVolume()
return (preVol)

6.12 GetDVolume()
return (dVol)

6.13 GetZHotCold()
return (curZHotCold)

6.14 GetTemperature()
return (curTemp)
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