
























𝐴 m2𝐴 K𝑎 −�̊� m𝐵 K𝑏 mol/kg𝐶 −𝐶M kg/(s m2Pa)CF −𝑐 mol/m3𝑐𝑝 J/(kg K)𝐷𝑗,𝑖 𝑗 𝑖 m2/s𝑑 m𝐸 J𝐸a J/mol𝑓Sp −𝐺 J𝑔 𝑔 = 9,81 m/s2 m/s2𝐻 mΔℎV J/kg𝐼 mol/kg𝐽 1/(m3s)𝐾SP −𝑘 W/(m2K)𝑘0 m3𝑛−2/(kg𝑛−1s)



𝑘B 𝑘B = 1,381 ∙ 10−23 J/K J/K𝑘r m3𝑛−2/(kg𝑛−1s)𝐿 mℓ̅𝑖,𝑗  𝑖 𝑗 m𝑙Sp m𝑀 kg𝑀m kg/mol�̇� kg/s𝑚 kg/m2�̇� kg/(m2s)𝑛 −𝑛C −𝑝 Pa𝑝𝑖 Pa�̇� W�̇� W/m2𝑅m 𝑅m = 8,314 J/(mol K) J/(mol K)𝑅n s m2Pa/kg𝑅th m2K/W𝑅2 −RMSE −𝑟 m𝑆 g/kgSI −SSE −𝑠 m𝑇 K𝑡 s𝑢 m/s𝑉 m3



𝑉m m3/mol�̇� m3/s𝑥 −𝑦 −𝑧 −𝑧𝑖 𝑖 −



𝛼 W/(m2K)𝛼n,C s m4Pa/kg2𝛽 m/s𝛾 J/m2𝛾𝑖 −𝛿 m𝘀 −𝘁 −𝘂 Pa s𝛩 −𝘃 °𝜗 °C𝜅 S/m𝜆 W/(m K)𝜇 J/mol𝜈 −𝛯 −𝜌 kg/m3𝜎𝑖 𝑖 m𝜎 N/m𝜏 −𝜏̿ N/m2𝜙 −𝛷Sp °Ω −



0, 1, 2, …𝑖, 𝑗𝑘AAGAlBCCODdifeffEVentFGeoghhethom
indKnLllmM



MaxwellModmmaxmolPRSSpSPSupsVvisW∗ ′′′   ̅



𝐾𝑛 𝐾𝑛 = ℓ̅𝑖,𝑗�̅�M𝑁𝑢 𝑁𝑢 = 𝛼 𝑑h𝜆 𝑃𝑟 𝑃𝑟 = 𝜂  𝑐𝑝𝜆 𝑅𝑒 𝑅𝑒 = 𝑢 𝑑h 𝜌 𝜂 𝑆𝑐 𝑆𝑐 = 𝜂𝜌 𝐷𝑗,𝑖𝑆ℎ 𝑆ℎ = 𝛽  𝑑h𝐷𝑗,𝑖
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𝜆
–

𝝀 / 𝐖/(𝐦 𝐊) 𝜸 / 𝐉/𝐦𝟐 





𝑖
𝐴 �̇�𝑖�̇�𝑖 𝑖

�̇�𝑖 = �̇�𝑖𝐴 = 𝐶M ∙ (𝑝𝑖,EV − 𝑝𝑖,P)𝑖 𝑝𝑖,EV𝑖 𝑝𝑖,P 𝐶M



𝑝𝑖∗ 1𝑝𝑖∗ d𝑝 = ∆ℎ̅V 𝑀m 𝑅m 𝑇2 d𝑇𝑇 𝑀m 𝑅m∆ℎ̅V

𝑝, 𝑇
𝑝𝑖∗(𝑇) = exp ( 𝐴B + 𝑇/K + 𝐶)

𝐴 𝐵 𝐶

𝑝𝑖(𝑇, 𝑥𝑖) = 𝑥𝑖 ∙ 𝑝𝑖∗(𝑇)
𝑖 𝑝𝑖∗(𝑇)𝑥𝑖



𝑎𝑖(𝑥𝑖) 𝛾𝑖(𝑥𝑖)
𝑝𝑖(𝑇, 𝑥𝑖) = 𝑎𝑖(𝑥𝑖) ∙ 𝑝𝑖∗(𝑇) = 𝑥𝑖 ∙ 𝛾𝑖(𝑥𝑖) ∙ 𝑝𝑖∗(𝑇) . 𝑥𝑖

𝑝𝑖𝑝𝑖∗(𝑇) = exp (−2,1609 ∙ 10−4 𝑆g/kg − 3,5012 ∙ 10−7  ( 𝑆g/kg)2)
𝑆

𝑅𝑒 𝑅𝑒 = �̅� 𝑑h 𝜌𝘂  ,



𝜌 𝘂𝑑h�̅� Δ𝑝
Δ𝑝 = 𝘁 𝐿 𝜌 �̅�22 𝑑h 𝐿𝘁

𝑑M < 1 μm

𝑝EV 𝑝P

Δ𝑝 Δ𝑝ent

|𝑝EV − 𝑝P| = ∆𝑝 < Δ𝑝ent  .
𝘃ls



0 < 𝐶 < 1
Δ𝑝ent = −4 𝐶 𝜎l cos(𝘃ls)𝑑M,max  .

𝜎l 𝘃ls𝑑M,max –

𝑑M
𝐶M𝐶M ∝ �̅�M𝑛  𝘀M𝛿M 𝜏M  

�̅�M 𝘀M𝛿M 𝜏M 𝑛
𝑛

ℓ̅𝑖,𝑗 𝐾𝑛
𝐾𝑛 = ℓ̅𝑖,𝑗𝑑̅M  ,



ℓ̅𝑖,𝑗ℓ̅𝑖,𝑗 = 𝑘B 𝑇 π �̅� (𝜎𝑖 + 𝜎𝑗2 )2 (2 + 2 𝑀m,𝑗𝑀m,𝑖 )0,5
𝑘B �̅�𝜎𝑖 𝜎𝑗 𝑀m,𝑖 𝑀m,𝑗

𝐾𝑛 ≈ 1

𝛿M

𝘀M 𝜌M 𝜌s
𝘀M = 1 − 𝜌M𝜌s 



𝜆M

𝜆M

𝜆M
𝜆M = (1 − 𝘀M) 𝜆s + 𝘀M 𝜆g

𝜆s 𝜆g –

𝜏M

𝜏M = 2
𝜏M  = (2 − 𝘀M)2𝘀M

–



–

–



–

–



d2𝑡d𝑉2 = 𝐶 ( d𝑡d𝑉)𝑛

𝐶 𝑛



− d�̇�d𝑡 = 𝐶 (�̇� − �̇�∗) �̇�2−𝑛
�̇�∗

–

𝑛�̇�0
𝑛 = 0 �̇��̇�0 = 1(𝐶 𝑡 + 1)0,5 𝑛 = 1 �̇��̇�0 = 1𝐶 𝑡 + 1
𝑛 = 3 2⁄ �̇��̇�0 = 1(𝐶 𝑡 + 1)2
𝑛 = 2 �̇��̇�0 = 1exp(𝐶 𝑡 + 1)

𝑅n,C𝑅n,M
�̇��̇�0 ∝ 𝑅n,M𝑅n,M + 𝑅n,C .



�̇��̇�0 ∝ 𝐴eff𝐴  𝐴eff𝐴

𝑡 �̇��̇�0 = 𝐴eff𝐴 = exp(𝐶1(𝐶2 exp(𝐶3 + 𝑡/s)) − 𝐶4)
𝐶𝑖



CaCO3pH pH CaSO4

CaCO3

Ca2+ + 2HCO3− ⇌ Ca2+ + HCO3− + CO2 + OH− ⇌ CaCO3 ↓ + CO2 ↑ + H2O,



CO2

pH

pH
–

–

HCO3−



MgSiO3 MgCO3 CaCO3

pH

CaSO4
Ca2+ + SO42− + 𝑛 ∙ H2O ⇌ CaSO4 ∙ 𝑛 H2O



CaSO4 ∙ 2H2O CaSO4 ∙ ½H2OCaSO4CO32−  SO42− pH



𝑆 ≈ 160 g/kg

SiO2pH pHpH
pH

– –



pH
pH pH

pH
pH

pH

–



–



Ω 𝑖
Ω𝑖 = 𝑎𝑖𝑎𝑖∗



Δ𝐺hom
Δ𝐺hom = 4 π 𝑟2𝛾CL − 43 π 𝑟3 Δ𝜇𝑉m∝ 𝑟2∝ 𝑟3 Δ𝜇𝑉m𝛾CL𝑟

𝑟∗
𝐽

𝐽 ∝ exp (−Δ𝐺𝑘B 𝑇) = exp (−16 π 𝛾CL3  𝑉m23 𝑘B3  𝑇3 ln(Ω))
𝑇 Ω 𝛾CL𝑘B

Δ𝐺het = 𝜙 Δ𝐺hom





𝐽
𝑡ind ∝ 1𝐽 ∝ exp ( Δ𝐺𝑘B 𝑇)

𝘃CS𝛾SL  𝛾CL 𝛾CS 𝘀M

Δ𝐺 = 2 π 𝑟2𝛾CL [[1 − cos(𝘃CS)] + 𝘀M [1 + cos(𝘃CS)]]      −π 𝑟2sin2(𝘃CS)(1 − 𝘀M)(𝛾SL − 𝛾CS)                                                     − π 𝑟33  [1 − cos(𝘃CS)]2 [2 + cos(𝘃CS)] Δ𝜇 𝑉m

Δ𝐺hetΔ𝐺hom = [2 + cos(𝘃CS)] ∙ [1 − cos(𝘃CS)]24 ∙ [1 − 𝘀M  [1 + cos(𝘃CS)]2[1 − cos(𝘃CS)]2]3

𝘀M









�̇�D = 𝑘r [(𝑐EV,C − 𝑐∗) ∙ 𝑀m,C]𝑛C  ,𝑐∗ 𝑘r𝑀m,C 𝑛C
𝑘r
𝑘r = 𝑘0 ∙ exp ( −𝐸a𝑅m ∙ 𝑇EV,C) 

𝑘0 𝐸a 𝑅m𝑇EV,C –



∂𝑚F ∂𝑡 = �̇�F = �̇�D − �̇�R.

–

–

–

–

–





– pH
–

–



𝜗𝑖�̇�DCMD,𝑖�̇�DCMD,𝑖 = 𝐶M ∙ (𝑝𝑖(𝜗EV,M, 𝑥EV,M) − 𝑝𝑖(𝜗M,CO, 𝑥M,CO))Δ𝑝𝑖,M𝐶M



�̇�AGMD,𝑖�̇�AGMD,𝑖 = 𝐶M,AG ∙ (𝑝𝑖(𝜗EV,M, 𝑥EV,M) − 𝑝𝑖(𝜗AG,F)) 𝜗AG,F

�̇�𝑖�̇�𝑖,dif �̇�𝑖,vis�̇�𝑖 = �̇�𝑖,dif + �̇�𝑖,vis = 𝐶M,dif ∙ Δ𝑝𝑖 + 𝐶M,vis ∙ Δ𝑝.𝐶M,dif Δ𝑝𝑖𝐶M,visΔ𝑝 𝐶M







Δ𝑝
𝐶M,vis = 𝑀m,𝑖𝑅m 𝑇 𝘀M𝜏M 𝛿M 𝑑M2  �̅�32 𝘂𝑖

𝘂𝑖 –

(0,01 < 𝐾𝑛 < 1)

𝐶M,dif = ( 1𝐶M,dif,Kn + 1𝐶M,dif,mol)−1

𝐶AG,dif,mol 𝐶M,AG
𝐶M,AG = ( 1𝐶M,dif + 1𝐶AG,dif,mol)−1 = ( 1𝐶M,dif,Kn + 1𝐶M,dif,mol + 1𝐶AG,dif,mol)−1

–

–

𝛿AG < 5 mm







𝜆M
𝜆s 𝜆g

𝜆M,Isostrain = ∑ 𝘀𝑖𝑛𝑖=1 ∙ 𝜆𝑖 = 𝘀M 𝜆g + (1 − 𝘀M) 𝜆s
–

𝜆M,Isostress = (∑ 𝘀𝑖𝜆𝑖𝑛𝑖=1 )−1 = (𝘀M𝜆g + (1 − 𝘀M)𝜆s )−1



𝜆M,Sup = ( 1 − 𝐶𝜆M,Isostrain + 𝐶𝜆M,Isostress)−1
𝐶 𝜆M,Isostrain𝜆M,Isostress 0 < 𝐶 < 1 𝐶 = 0,5

𝜆M,Geo = ∏ 𝜆𝑖𝜀𝑖𝑛𝑖=1 = 𝜆g𝜀M ∙ 𝜆s(1−𝜀M)

𝜆M,Maxwell = 𝜆g ∙  1 + 2 ∙ (1 − 𝘀M) 𝜆s − 𝜆g𝜆s + 2 𝜆g1 − (1 − 𝘀M) 𝜆s − 𝜆g𝜆s + 2 𝜆g
 

𝜏
𝜆M,Mod = 𝘀M 𝜆g + (1 − 𝘀M) 𝜆s𝜏M





�̇� = 𝛼EV(𝜗EV − 𝜗EV,M)    = �̇�𝑖  Δℎ̅V + 𝘀B 𝜆M𝛿M (𝜗EV,M − 𝜗M,B) +  1 − 𝘀B𝛿M𝜆M + 𝛿B𝜆B (𝜗EV,M − 𝜗B,CO)
    = 𝘀B𝛼B(𝜗M,B − 𝜗B,CO) +  1 − 𝘀B𝛿M𝜆M + 𝛿B𝜆B (𝜗EV,M − 𝜗B,CO)                       
    = 𝑘M(𝜗EV,M − 𝜗B,CO) .

𝐴𝑖
Δ𝜗M�̇�𝑖 Δℎ̅V 𝜗EV,M − 𝜗M,B𝛿M𝘀B 𝜆M 𝜗EV,M − 𝜗M,B𝛿M𝜆M + 𝛿B𝜆B1 − 𝘀B 𝜗EV,M − 𝜗B,CO1𝛼B 𝜗M,B − 𝜗B,CO1𝑘M 𝜗EV,M − 𝜗B,CO

𝛩
𝛩 = Δ𝑇MΔ𝑇 = 𝜗EV,M − 𝜗CO,M𝜗EV − 𝜗CO  ,





𝑑h = 4 𝘀Sp2𝛿Sp + (1 − 𝘀Sp) 4𝑑Sp𝘀Sp 𝛿Sp𝑑Sp –

𝑆ℎ𝐶1 𝑅𝑒𝐶2  𝑆𝑐𝐶3 = 𝑁𝑢𝐶1 𝑅𝑒𝐶2  𝑃𝑟𝐶3  𝑆𝑐 𝑃𝑟𝑅𝑒 = 𝜌 �̅� 𝑑h𝘂 ,   𝑆𝑐 = 𝘂𝜌 𝐷𝑗,𝑖   und   𝑃𝑟 = 𝘂 𝑐𝑝𝜆  
𝘂 𝜌 𝑐𝑝𝜆

𝑁𝑢 = 𝛼 𝑑h𝜆 = 𝐶1 𝑅𝑒𝐶2  𝑃𝑟𝐶3 (𝑑h𝐿 )𝐶4  
𝑑h 𝐿 𝐿

𝑙S̅p = ½ (𝑙Sp,1 + 𝑙Sp,2)

𝑅𝑒 > 180 –

𝑅𝑒 ≈ 250𝑅𝑒 < 300 𝑅𝑒 > 300
𝑅𝑒 < 250



𝑅𝑒 > 250 𝑅𝑒 > 350

𝑁𝑢̅̅ ̅̅ = ∫ 𝑁𝑢𝑧  d𝑧𝐿0 ∫ d𝑧𝐿0 = 1,62 (𝑅𝑒 𝑃𝑟 𝑑h𝐿 )0,333

𝑁𝑢̅̅ ̅̅ = 1,86 (𝑅𝑒 𝑃𝑟 𝑑h𝐿 )0,333
– 𝐶1 = 1,62

𝘁 = 64/𝑅𝑒
–

𝑁𝑢̅̅ ̅̅ = 0,664 𝑅𝑒0,5 𝑃𝑟0,333

𝐿
𝑁𝑢̅̅ ̅̅ = 0,664 𝑅𝑒0,5 𝑃𝑟0,333 (𝑑h𝐿 )0,5



𝑁𝑢̅̅ ̅̅ = 0,644 𝑓Sp 𝑅𝑒0,5𝑃𝑟0,333 (2 𝑑h𝑙S̅p )0,5
 

𝑓Sp
𝑓Sp = 1,654 (𝑑Sp𝛿Sp)−0,039 𝘀Sp0,75 (sin (𝛷Sp2 ))0,086 ,

𝛿Sp 𝘀Sp 𝑑Sp𝛷Sp

𝑁𝑢̅̅ ̅̅ = 0,116 (𝑅𝑒0,667 − 125) 𝑃𝑟0,333.
𝑁𝑢̅̅ ̅̅ = 0,023 𝑅𝑒0,8 𝑃𝑟0,333

𝑁𝑢̅̅ ̅̅ = 0,023 𝑅𝑒0,8 𝑃𝑟𝐶   mit    𝐶 = {0,4 ∶   𝜗W > 𝜗  (beheizend)  0,3 ∶   𝜗W < 𝜗  (abkühlend), 𝐶

𝑁𝑢̅̅ ̅̅ = 0,027 𝑅𝑒0,8 𝑃𝑟0,333𝑁𝑢 𝑁𝑢∞⁄ = 4/3 ∙ (𝑑h 𝐿⁄ )0,055
𝑁𝑢̅̅ ̅̅ = 0,036 𝑅𝑒0,8𝑃𝑟0,333 (𝑑h𝐿 )0,055



𝑁𝑢̅̅ ̅̅ = 𝘁8 (𝑅𝑒 − 1000) 𝑃𝑟1 + 12,7 (𝘁8)0,5  (𝑃𝑟0,667 − 1),
𝘁

𝑁𝑢̅̅ ̅̅ = 0,13 𝑅𝑒0,64𝑃𝑟0,38
5000 < 𝑅𝑒 < 14000

𝘀Sp = 80 %, 𝛿Sp = 2 mm, 𝑙S̅p = 5 mm 𝑁𝑢̅̅ ̅̅𝑁𝑢̅̅ ̅̅ = 0,106 𝑅𝑒0,695𝑃𝑟0,333.



–

–





𝐿𝐻 𝑛
∆𝑧 = 𝐿𝑛 − 1,

𝑘(𝑘 ≤ 𝑛) �̇�EV,𝑘 �̇�CO,𝑘



𝑆EV,𝑘 𝑆CO,𝑘 𝑇EV,𝑘  𝑇CO,𝑘𝑘 − 1 �̇�𝑖,𝑘∗�̇�𝑘∗ 𝑘
𝑘 + 1 𝑘

�̇�𝑘+1 = �̇�𝑘∗�̇�EV,𝑘+1 = �̇�EV,𝑘 − �̇�𝑖,𝑘  𝐻 ∆𝑧�̇�CO,𝑘+1 = {�̇�CO,𝑘 − �̇�𝑖,𝑘 𝐻 ∆𝑧�̇�CO,𝑘                    
   DCMD
  AGMD .

𝑆EV,𝑘+1 = 𝑆EV,𝑘 ∙ �̇�EV,𝑘�̇�EV,𝑘+1 𝑆CO,𝑘+1 = 𝑆CO,𝑘 ∙ �̇�CO,𝑘�̇�CO,𝑘+1 .
𝑇EV,𝑘+1 = �̇�EV,𝑘 𝑐𝑝,EV,𝑘 𝑇EV,𝑘 − �̇�𝑘∗  𝐻 ∆𝑧�̇�EV,𝑘+1 𝑐𝑝,EV,𝑘  
𝑇CO,𝑘+1 = �̇�CO,𝑘  𝑐𝑝,CO,𝑘 𝑇CO,𝑘 − �̇�𝑘∗  𝐻 ∆𝑧�̇�CO,𝑘+1 𝑐𝑝,CO,𝑘 ,

�̇�CO,𝑛 = �̇�CO′ �̇�CO,1 







𝛿C 𝜌C�̇�C = 𝜌C 𝜕𝛿C 𝜕𝑡⁄  𝑅th,C𝛿C 𝜆C𝑅th,C = 𝛿C 𝜆C⁄  
�̇� = 𝜆C 𝛿C⁄ (𝜗EV,C − 𝜗C,M) .

𝜗C,M

𝑅n,C𝑅n,C = 𝛼n,C ∙ 𝑚C = 𝛼n,C ∙ 𝜌C ∙ 𝛿C𝛼n,C𝑚C = 𝑀C/𝐴0
𝐶M,dif,C 𝐶M,vis,C

𝐶M,dif,C = 11 𝐶M,dif⁄ + 𝑅n,C   und   𝐶M,vis,C = 11 𝐶M,vis⁄ + 𝑅n,C .
�̇��̅�

�̅� = �̇�(𝑠 − 𝛿C) ∙ 𝐻 ∙ 𝘀Sp ,
𝑠 𝐻𝘀Sp



𝑀C

�̇��̇�0 = 𝐴eff𝐴0 = 𝘀C = 𝑀C𝜌C 𝛿C 𝐴0 = 𝑚C𝜌C 𝛿C 𝐴eff𝘀C

𝐾SP SI∏ 𝑎𝑖𝜈𝑖𝑛𝑖=1 𝐾SP,𝑖

SI𝑖 = log10 (∏ 𝑎𝑖𝜈𝑖𝑛𝑖=1𝐾SP,𝑖 ).
𝑖 SI𝑖 > 0SI𝑖 < 0 SI𝑖 = 0



𝛾𝑖 𝑎𝑖 = 𝛾𝑖  𝑐𝑖𝑐0,𝑖𝑐0,𝑖 = 1 mol/L 𝑖𝛾𝑖 𝐼
𝐼 = 12 ∑ 𝑏𝑖 ∙ 𝑧𝑖2𝑛

𝑖=1𝑏𝑖 𝑧𝑖

𝐼 < 0,1 mol/kg
log(𝛾𝑖) = −𝐶1 𝑧𝑖2 𝐼0,51 + 𝐶2 �̊�𝑖  𝐼0,5 ,�̊�𝑖 𝑧𝑖

𝐼 < 6 mol/kg –

𝐼 < 6 mol/kg



NaCl-H2O



𝛷Sp = 70° 𝑙Sp = 5 mm 𝘀Sp = 80 %
𝑑h = 1,83 mm



pH pH



𝛿Al = 2 mm

NaCl NaCl
NaCl𝜅 < 1 μS/cm



100 < 𝑅𝑒 < 1500 2,30 < 𝑃𝑟 < 6,50

–
μm, einer Porosität von

μm verwendet. 𝛿W = 127 μm



�̅�0 = �̅�ห𝑧=0 = 0,5 (𝜗EV′ + 𝜗CO′′ )
NaCl 𝜅 < 500 μS/cmNaCl

Δ�̇�𝑖 ≤ ± 0,1 kg/(m2h)

–

𝑀𝑖 > 10 g 𝑀𝑖 ≤ 10 g



pH
NaCl 𝑆0,EV = 65 g/kg

𝑺 𝐠/𝐤𝐠NaCl g/kgNa2SO4 g/kgKCl g/kgNaHCO3 g/kgKBr g/kgH3BO3 mg/kgNaF mg/kgMgCl2 ∙ 6H2O g/kgCaCl2 ∙ 2H2O g/kgSrCl2 ∙ 6H2O mg/kg𝐼 mol/kg

CF
CF = 𝑆EV(𝑡)𝑆0,EV = 𝑀0𝑀0 − 𝑀P(𝑡).

𝑆EV(𝑡) 𝑡 𝑆EV,0



�̅�0 = �̅�ห𝑧=0 / °C Δ𝑇 = 𝜗EV′ − 𝜗CO′′  / K �̇� / L/h 𝑆0,EV / g/kg

Δ�̇�𝑖 ≤ ± 0,36 kg/(m²h)

𝜅 < 3 μS/cm



pH

pH

pH

pH



pH
pH Ca2+ pH









–

�̇�EV = �̇�EV  𝑐𝑝,EVห�̅�EV  (𝜗EV′ − 𝜗EV′′ )  und  �̇�CO = �̇�CO 𝑐𝑝,COห�̅�CO  (𝜗CO′′ − 𝜗CO′ ),ห�̇�EVห =̂ ห�̇�COห



�̅̇�
�̅̇� = ห�̇�EVห + ห�̇�COห2 = 𝑘 𝐴 (𝜗EV′ − 𝜗CO′′ ) − (𝜗EV′′ − 𝜗CO′ )ln(𝜗EV′ − 𝜗CO′′ ) − ln(𝜗EV′′ − 𝜗CO′ ) ,

𝑘 𝐴1/(𝑘 𝐴)
1𝑘𝐴 = 1𝛼EV 𝐴EV + 𝛿Al𝜆Al �̅� + 1𝛼CO 𝐴CO .𝐴𝑖

�̅� = 𝛼EV =̂ 𝛼CO
�̅� = 21𝑘 − 𝛿Al𝜆Al

𝐶4 = 0
𝑁𝑢 = 𝛼 𝑑h𝜆 = 𝐶1 𝑅𝑒𝐶2  𝑃𝑟𝐶3 , 𝐶1 𝐶2 𝐶3









𝐶2 0,333 𝐶2 = 0,277

NaCl 𝜅 < 500 μS/cm

















𝑛 d𝑧
𝑛 = 151�̇�𝑖,𝑛 �̇�𝑖,10000⁄ ≪ 0,1 %



Δ�̇�𝑖 ≤ 0,07 kg/(m2h)





𝛽EV

𝑐EV,C𝑐∗

















𝑅n,C > 1/𝐶M

SI𝑖



pH
𝟐𝟎 °𝐂 𝟒𝟎 °𝐂 𝟔𝟎 °𝐂 𝟖𝟎 °𝐂 𝟏𝟎𝟎 °𝐂 (𝐂𝐚𝐒𝐎𝟒)(𝐂𝐚𝐒𝐎𝟒 ∙ 𝟐𝐇𝟐𝐎)(𝐂𝐚𝐂𝐎𝟑)(𝐂𝐚𝐂𝐎𝟑)(𝐌𝐠𝐂𝐎𝟑)(𝐌𝐠𝟐𝐂𝐎𝟑(𝐎𝐇)𝟐 ∙ 𝟑𝐇𝟐𝐎)(𝐂𝐚𝐌𝐠(𝐂𝐎𝟑)𝟐)(𝐂𝐚𝐌𝐠𝟑(𝐂𝐎𝟑)𝟒)

NaCl Na2SO4Na2SO4 ∙ 10H2O











–



Na2CO3 Na2CO3 ∙ 1H2O
Na2CO3 ∙ 10H2O

MgCO3 CaCO3 SrCO3
CaCO3 SrCO3CaCO3 Na2CO3 ∙ 1H2O Na2CO3 ∙ 10H2O







𝐍𝐚𝟐𝐂𝐎𝟑 
–𝐍𝐚𝟐𝐂𝐎𝟑 ∙ 𝟏𝐇𝟐𝐎 

𝐍𝐚𝟐𝐂𝐎𝟑 ∙ 𝟏𝟎𝐇𝟐𝐎 

𝐂𝐚𝐂𝐎𝟑 
– – –𝐌𝐠𝐂𝐎𝟑 

– –𝐒𝐫𝐂𝐎𝟑 
–



𝐍𝐚𝟐𝐒𝐎𝟒
𝐍𝐚𝟐𝐒𝐎𝟒 ∙ 𝟏𝟎𝐇𝟐𝐎
𝐌𝐠𝐒𝐎𝟒
𝐌𝐠𝐒𝐎𝟒 ∙ 𝟕𝐇𝟐𝐎

–𝐂𝐚𝐒𝐎𝟒
𝐂𝐚𝐒𝐎𝟒 ∙ ½𝐇𝟐𝐎
𝐂𝐚𝐒𝐎𝟒 ∙ 𝟐𝐇𝟐𝐎
𝐒𝐫𝐒𝐎𝟒

𝑆0,EV = 65 g/kg�̅�0 = �̅�ห𝑧=0 = 0,5 (𝜗EV′ + 𝜗CO′′ ) = 60 °C ∆𝑇 = 10 K�̇� = 150 L/h









�̅̇�𝑖 = 9,69 ± 0,083 kg/(m2h)

CF NaCl

CF ≈ 2,2

CF



CaCO3

CF

CF = 2,4

CF CaCO3

–

–



NaCl𝑆 > 300 g/kg

�̅�0 = �̅�ห𝑧=0 = 0,5 (𝜗EV′ + 𝜗CO′′ )

�̇�𝑖 �̇�𝑖,0 









CaSO4 ∙ 2H2O
CaCO3

CaSO4 ∙ 𝑛 H2O MgSO4 ∙ 𝑛 H2ONaSO4 ∙ 𝑛 H2O CaCO3







CaCO3
CaCO3 CaSO4

𝑛 = 2
𝑛 = 3/2

















Δ𝑇 = 10 K 𝑆0,EV = 65 g/kg�̅�𝟎 = 𝟑𝟎 °𝐂 �̅�𝟎 = 𝟔𝟎 °𝐂�̇� = 𝟓𝟎 𝐋/𝐡 �̇� = 𝟐𝟓𝟎 𝐋/𝐡 �̇� = 𝟓𝟎 𝐋/𝐡 �̇� = 𝟐𝟓𝟎 𝐋/𝐡𝐂𝐚𝐒𝐎𝟒 ∙ 𝟐𝐇𝟐𝐎𝐂𝐚𝐂𝐎𝟑𝐍𝐚𝐂𝐥





CaSO4
CaCO3

CaSO4

CaSO4 ∙ 2H2O
CaCO3









–

NaCl











CaSO4 –

CaSO4 –

CaSO4
CaSO4

CaSO4CaCO3
CaCO3 CaSO4

CaSO4



CF = 2,5 𝑆 ≈ 200 g/kgCF ≈ 4,1
CF = 2,5











Ca2+

pHMg2+ Ca2+ Sr2+ Ba2+pH CaCO3 CaSO4
CaCO3

pH CaCO3

pH
CaCO3 CaSO4 CaSO4

CaSO4



CaSO4

CaSO4 CaCO3

Fehler der Einwaage ist durch die hohe Genauigkeit der Waagen sehr gering (≤

≥

pH
pH



Δ�̇�𝑖 ≤ 0,07 kg/(m2h)
≤

�̇�𝑖 → 0 kg/(m2h)





100 < 𝑅𝑒 < 15002 < 𝑃𝑟 < 7 ≤



CaSO4 ∙ 2H2O

CaCO3



CaSO4 CaCO3













Korrelationsgleichung Anwendung in MD-Modellierung Quelle𝑁𝑢̅̅ ̅̅ = 1,62 (1 +0,015 𝐺𝑟0,333) (𝑅𝑒 𝑃𝑟 𝑑h 𝐿⁄ )0,333 (A.13) Laminar, flach [254]

𝑁𝑢̅̅ ̅̅ = 1,86 (𝑅𝑒 𝑃𝑟 𝑑h 𝐿⁄ )0,333 (A.14) Laminar, 𝑅𝑒 𝑃𝑟 𝑑h 𝐿⁄ > 10, 0,6 < 𝑃𝑟 < 5, 
flach/tubulär

[16, 44, 47, 78, 81, 85, 252, 
254, 280, 283, 284, 287, 
288, 290, 291, 351, 416]𝑁𝑢̅̅ ̅̅ = 1,86 𝑅𝑒0,58(𝑃𝑟 ∙ 𝑑h 𝐿⁄ ) 0,333 (A.15) Laminar, experimentell ermittelt, flach [44, 309]𝑁𝑢̅̅ ̅̅ = 1,95 (𝑅𝑒 𝑃𝑟 𝑑h 𝐿⁄ )0,333 (A.16) Laminar, flach [81]

𝑁𝑢̅̅ ̅̅ = 𝐶 (𝑅𝑒 ∙ 𝑃𝑟)0,23(𝑑h 𝐿⁄ )0,5 (A.17)
Laminar, flach𝐶 = {15,0 ∶  11,5 ∶    𝜗W > 𝜗 (Beheizen)𝜗W < 𝜗 (Kühlen)     [81, 254]

𝑁𝑢̅̅ ̅̅ = 𝐶 + 0,0668 𝑅𝑒 𝑃𝑟 𝑑h/𝐿1+0,04 (𝑅𝑒 𝑃𝑟 𝑑h 𝐿⁄ )0,667 (A.18)
Laminar, 𝑃𝑟 > 5, tubulär (lumenseitig)𝐶 = { 4,36 ∶   �̇�W = const3,66 ∶   𝜗W = const  [11, 14, 40, 48, 350, 351, 

416, 418, 419]

𝑁𝑢̅̅ ̅̅ = 𝐶 + 0,036 𝑅𝑒 𝑃𝑟 𝑑h/𝐿1+0,0011(𝑅𝑒 𝑃𝑟 𝑑h 𝐿⁄ )0,8 (A.19)
Laminar, tubulär (lumenseitig)𝐶 = { 4,36 ∶   �̇�W = const3,66 ∶   𝜗W = const  [16, 34, 44, 48, 81, 300, 416, 

417, 420]𝑁𝑢̅̅ ̅̅ = 0,116 (𝑅𝑒0,667 − 125) 𝑃𝑟0,333 (A.20) Übergangsregime, tubulär (lumenseitig) [14, 40, 48, 174]

𝑁𝑢̅̅ ̅̅ = 0,023 𝑅𝑒0,8 𝑃𝑟0,333 (A.21) Turbulent, 0,7 < 𝑃𝑟 < 160, flach/tubulär 
(lumenseitig)

[9, 11, 22, 40, 44, 81, 174, 
233, 254, 282, 292, 299, 
300, 351, 421–424]𝑁𝑢̅̅ ̅̅ = 0,023 𝑅𝑒0,8𝑃𝑟𝑛 (A.22) 𝑛 = { 0,4 ∶ 0,3 ∶    𝜗W > 𝜗  (Beheizen)𝜗W < 𝜗  (Kühlen)     [14, 44, 48, 78, 85, 238, 252, 
283, 351, 412, 416]𝑁𝑢̅̅ ̅̅ = 0,023 𝑅𝑒0,875𝑃𝑟0,25 (A.23) Turbulent, flach [243, 416, 425]𝑁𝑢̅̅ ̅̅ = 0,027 𝑅𝑒0,8 𝑃𝑟0,333 (A.24) Turbulent,0,7 < 𝑃𝑟 < 1,67 ∙ 104, flach/tubulär 

(lumenseitig)
[16, 40, 48, 81, 174, 290, 
292, 350, 351, 416]

𝑁𝑢̅̅ ̅̅ = 0,027 𝑅𝑒0,8𝑃𝑟𝑛 (A.25)
Turbulent, flach𝑛 = { 0,4 ∶ 0,3 ∶    𝜗W > 𝜗  (Beheizen)𝜗W < 𝜗  (Kühlen)     [44, 235, 292]

𝑁𝑢̅̅ ̅̅ = 0,036 𝑅𝑒0,8𝑃𝑟0,333 (A.26) Turbulent, flach [292]𝑁𝑢̅̅ ̅̅ = 0,036 𝑅𝑒0,8𝑃𝑟0,333(𝑑h 𝐿⁄ )0,055 (A.27) Turbulent, flach/tubulär (lumenseitig) [40, 44, 81, 174, 351]𝑁𝑢̅̅ ̅̅ = 0,036 𝑅𝑒0,96𝑃𝑟0,333(𝑑h 𝐿⁄ )0,055 (A.28) Turbulent, flach, experimentell ermittelt [44, 309]𝑁𝑢̅̅ ̅̅ = 0,042 𝑅𝑒0,59 𝑃𝑟0,333 (A.29) Turbulent, tubulär (mantelseitig), experimentell 
ermittelt [48]

𝑁𝑢̅̅ ̅̅ = 0,13 𝑅𝑒0,64𝑃𝑟0,38 (A.30) Turbulent, flach/tubulär (lumenseitig) [14, 40, 81, 174, 254, 292, 
299, 306, 423]

𝑁𝑢̅̅ ̅̅ = 0,206 (𝑅𝑒 ∙ cos(𝜙))0,63 𝑃𝑟0,36 (A.31)

Turbulent, tubulär (mantelseitig, gleichzeitige Quer- 
und Parallelströmung)0° < 𝜙 < 90°, 𝜙 = {0° ∶   90° ∶   reiner Querstrom     reiner Parallelstrom 

[14, 48]

𝑁𝑢̅̅ ̅̅ = 0,71 𝑅𝑒 0,5 𝑃𝑟 0,36 (A.32) Turbulent, tubulär (mantelseitige Querströmung) [47, 140, 284, 415]𝑁𝑢̅̅ ̅̅ = (𝜁 8⁄ )(𝑅𝑒−1000) 𝑃𝑟1+12,7 (𝜁/8)0,5 (𝑃𝑟0,667−1) (A.33) Turbulent, 0,5 ≤ 𝑃𝑟 ≤ 2000, flach [81, 265, 292, 303, 350]𝑁𝑢̅̅ ̅̅ = (𝜁 8⁄ ) 𝑅𝑒 𝑃𝑟1,07+12,7 (𝜁/8)0,5 (𝑃𝑟0,667−1) (A.34) Turbulent, 0,5 < 𝑃𝑟 < 200, flach [81, 292, 351]𝑁𝑢̅̅ ̅̅ = (𝜁/8) 𝑅𝑒 𝑃𝑟1,07+900𝑅𝑒 − 0,631+10 𝑃𝑟+12,7 (𝜁8)0,5 (𝑃𝑟0,667−1) (A.35) Turbulent, flach [292, 303, 351]𝑁𝑢̅̅ ̅̅ = (𝜁/8) 𝑅𝑒 𝑃𝑟1,2+13,2 (𝜁/8)0,5 (𝑃𝑟0,667−1) (A.36) Turbulent, flach [81, 426]



𝝑𝐄𝐕′  / °𝐂 𝝑𝐂𝐎′′  / °𝐂 �̇� / 𝐋/𝐡 𝑺𝟎,𝐄𝐕 / 𝐠/𝐤𝐠



NaCO3 NaCO3 ∙ 1H2O NaCO3 ∙ 10H2OMgCO3CaCO3SrCO3NaSO4 NaSO4 ∙ 10H2OMgSO4 MgSO4 ∙ 7H2OCaSO4 CaSO4 ∙ ½H2O CaSO4 ∙ 2H2OSrSO4MgCl2 MgCl2 ∙ 6H2OCaCl2 CaCl2 ∙ H2O CaCl2 ∙ 2H2OSrCl2 ∙ 6H2O

0,15 +  0,002 ∙ (𝑇𝑖 − 273 K)0,5 % ∙ �̇�𝑖0,05 mm0,5 % ∙ 𝜆𝑖0,14 % ∙ 𝜌𝑖1,5 % ∙ 𝘂𝑖3,4 % ∙ 𝑃𝑟𝑖2,56 % ∙ 𝜆𝑖3 % ∙ 𝑎𝑖

𝘀M 0,8𝑟M 0,1 μm𝛿M 76 μm𝜏M 1,61



𝘀B 0,5𝛿B 274 μm𝘀S 0,8𝛿S 2 mm𝑑f 1 mm𝛿AG 2 mm𝛿W 127 μm

𝒌𝟎𝐦𝟒/(𝐤𝐠 𝐬) 𝑬𝐚𝐤𝐉/𝐦𝐨𝐥 𝒌𝐫𝐦𝟒/(𝐤𝐠 𝐬) 𝒄𝐄𝐕,𝐂/𝒄𝐄𝐕−
∙

∙
2,07∙10 ∙

5,71∙10 ∙

1,09∙10 ∙

6,67∙10 ∙

3,66∙10 ∙

5,81∙10 ∙ CaCO3



SI𝑖pH
 (𝐂𝐚𝐒𝐎𝟒)(𝐂𝐚𝐒𝐎𝟒 ∙ 𝟐𝐇𝟐𝐎)(𝐂𝐚𝐂𝐎𝟑)(𝐂𝐚𝐂𝐎𝟑)(𝐌𝐠𝐂𝐎𝟑)(𝐌𝐠𝟐𝐂𝐎𝟑(𝐎𝐇)𝟐 ∙ 𝟑𝐇𝟐𝐎)(𝐂𝐚𝐌𝐠(𝐂𝐎𝟑)𝟐)(𝐂𝐚𝐌𝐠𝟑(𝐂𝐎𝟑)𝟒)
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