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. ) 1.0 Summary of Work

The work accomplished to date can be divided into two categories:
(1) component models and (2) model integration. The latter is
accomplished with a general purpose process simulator program for
' water reuse processes.

& SR P | Component Models

The component modules include the following: (1) ultrafiltration,
(2) reverse osmosis, (3) ozonation, and (4) hypochlorination. The

; simulator structure enables a model for the equalization tank to
Wy be created using the general features of the simulator.
i' 1.1.1 Ultrafiltration

The present model for the tubular ultrafiltration module is based
on the film theory for mass transfer through the boundary layer

at the inner wall of the UF tube. Permeability coefficients are
included for water, dissolved solids, and TOC. For a given module
configuration, inlet flow, inlet suspended solids concentration,
inlet dissolved solids concentration, inlet TOC concentration, and
pressure drop across the module, the model predicts the permeate
flow, permeate dissolved solids concentration, and permeate TOC
concentration. The model assumes that no suspended solids pass
through the membrane. This model is described in detail in the
interim report "A Mathematical Model of a Tubular Ultrafiltration
Unit for Water Re-Use Systems".
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1.1.2 Reverse Osmosis

The model for the hollow fiber reverse osmosis module is also based
- on the film theory for mass transfer through a boundary layer formed
at the outer surface of the hollow fibers. For a given module
configuration, inlet flow rate, inlet dissolved solids concentration,
inlet TOC concentration, and pressure drop across the module, the
permeate flow, permeate dissolved solids concentration, and permeate
TOC concentration are predicted. Analogous values for the concen-
trate stream are calculated by material balance. This model is
described in detail in the interim report "A Mathematical Model of

a Hollow Fiber Reverse Osmosis Unit for Water Re-Use Systems".

AL,

Y13 Ozonation

RO

e

The model for ozonation in the presence of UV light is based on

basic kinetic mechanisms for the reaction and decomposition of ozone.
The ozone enters as a gas, is dissclved into the aqueous phase and
then either reacts with the organic material in the water or decom-

- poses. For a given contractor configuration and inlet water con-
ditions, the - .del predicts the effluent water TOC concentration.

The model is aescribed in detail in the interim report "A Mathema-
tical Model of an Ozonation Contacting Unit for Water Re-Use Systems".
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1.1.4 Hypochlorination

3

tf The model for the hypochlorination module is based on the dis-
! sociation mechanism for hypochlorite. The model predicts the

. free and available chlorine concentration from inlet stream con-
: ditions. The model is described in detail in the interim report
s "A Mathematical Model of a Hypochlorination Unit for a Water Re-
N v Use System".

o
= 1.2 Model Integration

The component modules were incorporated into the process simulator
& to facilitate the simulation of a variety of configurations for
1 water reuse processes.

2.2.1 Dynamic Process Simulator

1 In addition to the modules specific to water re-use processes,
hs the simulator includes modules for general process elments such
as mixed tanks, pumps, stream splitters, etc. The simulator
permits the configuration of the water reuse process to be
- specified via data cards, along with specifications for the input
streams. The simulator calculates the flow and concentration

of each stream in the process as a function of time. The results
may be presented in tabular form or may be plotted. To provide
some assurance that the models and process configuration is con-
sistent, total and component material balances are computed for the
run. The dynamic process simulator is described in detail in the
interim report "A Dynamic Model for Application in Water Re-Use
Systems".

et ." a‘. ;")
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Ridiad Integrated Model Example

e’
-

Using the dynamic process simulator, a simulation run was made
using the configuration proposed for the MUST WPE. The run demon-
strated that the component models behaved as expected in an inte-
grated configuration, and that the dynamic process simulator could
successfully simulate a realistic water re-use process. Simulation
of a 20-hour cycle required 24 minutes of computer time on an IBM
370/3033.
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2.0

Publications and Presentations

The following publications and presentations have resulted from
this work:

1.

Starks, D. M., and C. L. Smith, "A Dynamic Model of a Water
Treatment Unit", Proceedings of the 1977 IEEE Conference on
Decision and Control, New Orleans, December 7-9, 1977.

Starks, D.M., and C. L. Smith, "A Mathematical Model of a
Reverse Osmosis System for Water Purification Use", Proceedings
of the Ninth Annual Pittsburgh Conference on Modeling and
Simulation, Pittsburgh, April 27-28, 1978.

Starks, D.M., and C. L. Smith, "A Mathematical Model of an [
Ultrafiltration System for Water Purification Use', Proceedings '
of the 1978 Summer Computer Simulation Conference, Newport

Beach, July 24-26, 1978.

Copies of all of these papers are included in the appendix.
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Students

The following student received a graduate degree based on work
on this project:

David M. Starkes, Ph.D., Chemical Engineering

Louisiana State University

August, 1977. Dissentation Title: Mathematical Model of a
Water Processing Unit
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A DYNAMIC MODEL OF A WATER TREATMENT UNIT

Cecil L. Smith

Department of Chemical Engineering
e Louisiana State University

Baton Rouge, Louisiana 70803

Abstract

For support of field medical units, the U.S.
rmy is developing a self-contained waste water
treatment system to produce potable water for use
within the unit. To aid in developing the controi
strategy and the fault detection/fault isolation
logic, a dynamic model of the system is being de-
veloped.

The first phase of the effort is to develop
models of the system's components, such a ultrafil-
tration, reverse osmosis, ozonation, etc. These
models are then combined to obtain a model for the
complete system. To the greatest extent possible,
fundamental equations form the basis of the models.

In determining coefficients for the models, the
the data was obtained from the dxperiments that
formed the basis of the design of a pilot plant ver-
sion of the unit. To refine the model, this data
is then supplemented by operational data from the
pilot plant.

1. Introduction

The U.S. Army has a requirement to provide a
uission-oriented medical treatment system which is
designed and equipped to facilitate rapid estab-
itahment and disestablishment, The flexibility
permits ismediate response for a medical support
unit to any tactical, environmental or geographical
change. This system will provide & contamination-
free and controlled environment in which medical
surgical and ancillary procedures and other sup=
porging functions can be performed. The moliile
medical treatment system is termed the MUST Medical
Complex. Assotiated with the MUST Medical Complex
is a Water and Waste Management Subsystem (WWMS).
This subsystem is required to treat and dispose of,
without degradation of the eavironment or danger to
personal health, all toxic and contaminated waste
materials generated within the functional areas of
the Medical Complex. In addition to the waste
treatment and disposal, the WPE within the WWMS
must be capable of producing potable water from a
fresh or brackish water source and noncomsumptive
reuse water from the MUST Medical Complex waste
wvater efflveat.

The objective of the present program is to:

1. Develope an integrated dynamic model de-
scribing the operational characteristics
of the water précessing element. Ewmphasis
will be placed on the reuse mode of opera-
tion utilizing the MUST hospital composite
wvaste or the x-ray, laboratory, and OR

N RN N NN

David M. Starks

Department of Chemical Engineering
Louisiana State University

Baton Rouge, Louisiana 70803

composité waste. The methodology to apply
the model to other configurations and
other wastes will be developed and doc-
umented.

2. Using the dynamic model as the basis, de-
velop a control/monitoring system for the
operation of the WPE.

3. Using the dynamic model as the basis, de-
velop a fault detection/fault isolation
package for the WPE.

This presentation will only consider the first of
these objectives.

2. System Description

When in the re-use mode of operation, the WPE
utilizes the following components in series:

1. Equlization (mixing) tank

2. Ultrafiltration

3. Microfiltration

4. Reverse osmosis

5. Ozonation (accompanied by exposure to

ultraviolet light)

6. Clorination
Dynamic models are required for each of these com
ponents.

The sources of the recycle water include
showers, operating room, kitchen, laboratory, and
x-ray. Due to the large number of sources of con~
taminants, it is impractical to identify every
molecular compound. In such cases, the usual prac-
tice is to introduce pseudo-counpounds, which will
consist of several molecular compounds of similar
characteristics. Currently, only two pseudo-com-
pounds aee being used, with all contaminants
being treated as either dissolved or suspended
solids.

In developing the design for the WPE, the
first step wvas to develop and operate a 1/4-scale
breadboard system. The next step was to comnstruct
a full scale pilot plant. Data from both serve as
the experimental basis for the dynamic model.

3. Model Formulation

The dynamic models for each component of the
WPE are based on fundamental concepts, such as
heat balances, material balances, mass transfer
equations, etc. For example, the model for the
ultrafiltration unit involves the following equa-
tions:
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1. Material balance on total contaminant

2. Total material balance

3. Diffusion of the contaminant into and out of

the boundary layer at the tube wall.
Models of other elements of the WPE involve rela-
tionships such as heat transfer, reaction kinetics,
etc.

Although the basic theoretical equations are
relatively easy to develop, numerical values for
the various coefficients are more difficult to ob-
tain. Empirical correlations are also often nec-
essary. In the ultrafiltration model, the follow-
ing are used:

1. The mass transfer coefficient is related

to the diffusivity.
2. The osmotic pressure is related to the
concentration of contaminant.
Furthermore, some physical properties (such as the
diffusivity) may be functions of operating condi-
tions (such as contaminant concentrations).

4. Model Calibration

In order for the model's behavior to match that
of the physical system, the unknown parameters in
the various relationships are adjusted until the
model results agree with the experimental results -
to within an acceptable tolerance. In the ultra-
filtration model, five parameters must be deter-
mined in this manner. In this case, experimental
data is currently available only for steady opera-
tion, although future plans call for data to be
collected during periods of non-steady state op-
eration.

After the parameters have been fit to the ex-
perimental data, the model behavior must be ob-
served under several different conditions to
verify that its behavior appears to be '"reasonable'.
Futher tests of this type are necessary after the
component models have been integrated into a model
of the complete system.

The presentation will describe the experiences
of the authors in developing component models for
the WPE, wiht emphasis being on the process of es-
tablishing a valid model from the available experi-
mental data.
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: David M. Starks and Cecil L. Smith *
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ABSTRACT g
This paper describes the development of a mathematical model depicting the reverse os~osis un L
employed in the water processing element under development by the U.S. Army Medical Research h:zE
and Development Command for support of'field medical units. Methodology for solving the mods \¢~1
equations and fitting the model parameters to experimental operating data has been developed [¢7.
and programs written for a digital computer. This article presents in detail the model eoua- 3|
tions, the parameter fitting procedures, and some typical results. ;{F;
DEVELOPMENT OF BASIC EQUATIONS AND METHODS USED g;;
4 The mode] equations develoned characterize the operation of the duPont B-10 Reverse 0zrosis :
: Separator as illustrated in Figure 1. Contaminated water enters via the high pressure feed
tube. Flowing in the radial direction, contaminated water becomes progressively more concen-
-3 trated as water preferentially permeates through the membrane wall into the inner bore of the
] fibers. Concentrate is collected at the flow screen and moves axially towards the ccncentrat
o . outlet. Purified water collected inside the fibers exits the module as permeate.
e

Figure i. Reverse Osmosis Separator

FORMULATION OF EQUATIONS
.-.To develop the area available for the flux of water and contaminants into the fiber bore, le
: “f be the number of perfectly straight, evenly distributed fibers parallel to the axial dire

tion per unit of cross sectional area. Collectively, these idealized fibers would have the
same fluxes of water and contaminants as the actual fiber configuration.
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{7~ " For the aitfcrential elument 1'~n‘f.igur(' 2, the arca avaiiab‘le for flux becomes:
- (N (1LY n(r + ar)? = a(r)?)
. 4 where: D is the outside diameter of the fiber (m)
: 1 L is the length of the fibers (m)
i r is the radial coordinate (m)
3 A steady state material balance on the dissolved solids, component ‘A‘, for the slice of

S module between r and r + Ar in Figure 2 yields:

: Input rate of A = Output rate of A
LY
; 1 : (ZurL)V(r)CA(r) =2n(r + Ar)LV(r + Ar)CA(r + Ar) + JA(r)(anDFL)[n(r + Ar)2 -nrz_‘

h :

\ T _ - where: V(r; = radial velocity of fluid_(m/hr)

" ' Ca(r) = concentration of A (gn/m3)

> JA(r) = flux of A into inner channel of hollow fibers (gm/hr-mz)

Vs A similarsteady state material balance on the TOC, component 'C', for the differential
o] element in Figure 2yields:

: (2nrL)V(r)Co(r) = 2n(r + Ar)LV(r + ar)C((r + &r) + Ic(r)(NemD L) n(r + ar)Znr?.

b where: Cc(r) = Total Organic Carbon (TOC) concentration (gm/m3)

B Jc(r) = flux of C into inner channel of hollow fibers (gm/hr-mz) _E«-.—é
::\ A steady state total material balance yields: \::"j
e 4 ; RN
i, . ~(2arL)V(r)p(r) = [2n(r + Ar)LIV(r + Ar)p(r + ar) + [JA(I’) + JB(F) ‘-'_:‘:',‘-1
- ' 9 (PINDEL) [n(r + or)? - ar?)

s where: p(r) = total mass density (gm[m3) 3 2

:: | JB(r) = flux of water, component B, into the fiber bore (gm/m“-hr)

f In addition, a steady state material balance on component 'B' can be written to obtain an X
o equation analogous to-.equation (1). However, this equation is not necessary as it become ,-.}-.'s“‘
o 1 dependent equation when equations (1), (2), and (3) are used in the model. : R

4 :

b 4 % A
: i ' ~ e
o8 V(r+ar),Cp(r+ar) ,Co(r+ar) AT
1 Ce(r+ar),p(r+ar) B
.L & R &

1 0

- = A
N A
) E V(r),Ca(r),Cglr),o(r)

- - -

l.' 3
h,

I
N
::; Figure 2. Radial Differential Element
-, ANALYTICAL EQUATIONS.

. Equations (1), (2) and (3) are readily converted to differential equations by taking the
> limit as Ar approaches zero. The results are:

-' : . ‘e
.} ':
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—— it = 2

L rv(re, () = - Kadprdp(r)

L 1rv(r)eg(m) = - Nedprag(r)

L [v(R)p(r)) = = Kadprtd,(r) + 3g(r) + ()

The boundary conditions are as follows:

where:

FLUXES

V(Ri) = Fo/(ZDRiL)

CalR;) = Cpg

CeRy) = Ceo

p(Ri) = ca1cu]ateq from CA(Ri) and Cc(Ri)

feed rateto module, m3/hr

E. =

o
CAo = jnlet concentration of A, gm/m3
CCo = inlet TOC concentration, gm/m

AT THE BOUNDARY LAYER

To obtain the fluxes JA’ JB’ and JC’ a stagnant boundary layer is imagined to exist near
surface of the hollow fiber as shown in Figure 3. The following fluxes intc and ou

outer
the bo

where:

[ R R .

o i

o

%,

undary iayer are defined:
Jp = B(Cpp - Cp3) (7)  9on T KalCyp - Cyy) (10)
JB = T(AP - Am) '(81 'JDB = kB(CBl - CBZ) , (m)
JDA = diffusional flux of contaminant out of the boundary layer, §m/m2-h(

[
n

0B = diffusional flux of water into the boundary layer, gm/mz-hr

oc diffusional flux of TOC out of the boundary layer, gm/mz-hr

Ch)-= concentration of A in bulk fluid, gn/m’
CA2 = concentration of A.in boundary layer, gm/m3
CA3 f concentration of A in permeate, gm/m3

C,y = concentration of B in bulk fluid, gn/m>

C,, = concentration of B in boundary layer, gm/m3
*C,, = concentration of B in permeate, gm/m

C., = concentration of C in bulk fluid, gm/m

C.. = concentration of C in boundary layer, gm/m
C., = concentration of C in permeate, gm/m

8 = permeability cbefficient for dissolved solids
C = permeability coefficient for T0C, m/hr
AP = pressure drop across membrane, atm

Yy = permeability coefficient for pure water, gm/mz—hr-atm

s m/hr

An = osmotic pressure difference across membrane = T, = T3 atm

n, = osmotic pressure at boundary layer, atm
= osmotic pressure of permeate, atm

kA.kc = mass transfgr coefficients for solids and TOC, respectively, m/hr

-".
o

-

e Jee X 7
’

1 B

77
v

F
P

>

A

£

AP L
.;":";'
M e

*
.

&
*
Al

'E?

'l

T

f;.-'
o

s,

»

¥,

L
et

-
e

FN N

v,
R
ol i S




LR R U B B URe ) TR Yo WY,

.l
o)
‘ .
Wy Bulk Fluid
. - B Car 1oy
: DA Y8 nc
.
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o
Boundary Layer CAZ’CBZ'QCZ
2 ol - .
s Fiber Membrane A % A
A : = ) Y Y
o ~ Permeate A JB Jc ”
; Ca3+Ce3, 3
::- Figure 3. Fluxes into and out of boundary layer
The osmotlc pressure is related to the concentration of contamlnant CE’ and the absolute
: temperature, T, by the emplhca'l re]atmnsfnp
& = £(CpoT) = oTCe(1 + 8cp)?
:‘: where: o = coefficient, atm- n3/gm-°»(

coefficient, m”/gm

¥
»
nan

o T abso'lute temperature, degrees Ke]vm
j CE- = effectwe contaminant concentration = CA + kECc. gm/m
< ° ‘ : I(E = coefficient expressing the concentration of A equivalent to a unit concentrati
“’ 3 of C for purposes of osmotic pressure, dimensionless
o . Zo obtain Am = Ty = Tigs it is necessary to evaluate m, usin‘g CAZ and c(fZ;,"3 using CA3 and 1*
- Cc3° :
-;: The flux JF due to the bulk flow toward the boundary layer can be obtained by writing a to *;‘{u‘;
- material ba'lance around the boundary layer:
" .
. = %
o Jp = It gt Ig + Iy - dpg * I : (14)

In addition, componeat balances for component A and for -component C can be written:

IeXap =9t Ipa  119) e¥er = % * dpe (16)

where XM. xCl = mass fractions of dissolved solids and TOC in bulk stream, respectively.

A component balance can also be written for component B, but it will not be an independent
< .equation. :
:: i In addition, the mass fractions XM and Xc3 are related to ‘]A' JB‘ and Jc as follows:
-~ 5 ¥ .
e J J

A : - C
RS e E Ak el Ye3 " T T v

Correlations for the mass transfer coefficients, kA anil » have been developed ina'logous‘
to those available for flow across heat exchanger ;.ube butidles. The final result is:

k=G (N ) “(19) .S
i L "L fre = v : (20




Reynolds number
outer diameter of fiber

radial velocity
kinematic viscosity
mass transfer coefficient

where: NRe =

(]

C1 = coefficient whicn 1s a 1uncuion us
various physical constants
e = exponent of the Reynolds number

The same values for the exponent e% will be used for both the solids and TOC ‘but different
0

values will be used for Cl. owing

APPROXIMATIONS IN THE FLUX EQUATIONS

different physical properties of the two components.

In the reverse osmosis unit, the concentrations of dissolved solids and TOC will be relatiy

small.
the following assumptions will be made:

Furthermore, the RO membrane will tend to reject these components.

For these reasc

1. The membrane permeability fluxes JA and JC are small compared to JB'

2. The diffusional fluxes JDA' JDB

, and ")DC are small compared to JB‘

3. The density is that of water namely p.
Table 1' gives the flux equations with these approximations included.

Table I. Simplified fquations for Fluxes at the Boundary Layer

Transport Equations
Jp = BlCyz - Cp3)

= y(AP - Aw)
I¢ = ClCep - Ce3)
Ion = KalCaz = Cpy)
Inc = kc(Ce2 - i)

Material Balance at Boundary Layer

Osmotic Pressure Relationships
.M =N, ~ T
2 3

m, = uTCEz(l' + BCEZ)

L% uTCE3(1 + BCE3)

g2 = a2 * kele2

63 " Cas * Kebes

2

c
€

Fraction/Density/Concentration Relationshi

3 = 9
I¢%a1 = 9a * Jon

I%er1 = 9¢ * Ipc

Tl - S e S
Cen ™ M Cpz = Pp3 ’
c

Cg3 = PXg3
2 Ce3 = 3

g2 = g2

J
= ._A. = pX
XA3. JB X c2

c

-

SOLUTION METHOD

The solution method basically consists of numerically integrating the differential equati
resulting from the total and component material balances. However, this is somewhat comp
cated by the fact that the fluxes must be determined at each increment by solving the set
nonlinear equations summarized in Table I.

PARAMETER ESTIMATION CONSIDERATIONS

Values of several key variables, such as mass transfer coefficients .and osmotic pressure
relation coefficients, must be determined from experimental data. A Pattern Search strat
was used to find a set of values for these parameters which minimized a cost function exg
sive of the difference between model calculations and experimental results.

Table 11 - lists the parameters whose values have been obtained by the parameter estimatic
procgdu:e. ‘}he parameters Nf. Y» B, and C may only be obtained from the operation of the
module itself., ; 5 !

0f the remaining parameters, three of these (Cm. ch' and el) are required for the mass

transfer relationships-and three (a, B, and “E) are required for the osmotic pressure rel
ship, It should be possible to develop experimental procedures to evaluate these indeper
of the RO module test, but in the absence of these independent experiments, these six par
meters are also evaluated from the RO test data.
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AN Table 11  Model Parameters
i Ne Number of ideal fibers per unit cross-sectional area of the fiber bundle
| Y Permeability coefficient for pure water
' B Permeability coefficient for dissolved solids
td c Permeability coefficient for TOC .
L) e Exponent of Reynolds number in transfer correlation
) a Coefficient in osmotic pressure correlation
8 Coefficient in osmotic pressure correlation
kE Mass of dissolved solids equivalent to a unit mass of TOC for use in the
-1 osmotic pressure correlation
o Cia Coefficient in mass transfer correlation for A
4 51 Cic Coefficient in mass transfer correlation for C
COST FUNCTION
P The test data basically consists of two types:
< 1. Permeate flux data '
\ 2. Permeate concentration data (dissclved solids and TOC)
o The above values are read directly or computed from the experimental data.
The cost function employed is the fo]]bwing: '
L n 2 2 2
? F - F (AP L. . -C
cosT = 227 |w. [-&d _mi “Re,i ~ “Am,i Ce,i ~ “Cm,{
i i :4:1 i |YFi i SRR e e N s ey
< ! ; e,i s Ae, i Ce,i
o where: Z., Wc., "bi’ and Wy are weighting factors for, respectively, the point as a
whole, permeate flux, permeate solids concentration, and permeate TOC concentration. *
2 ‘ - Cp» C¢ represent permeate dissolved solids and TOCconcentrations, respectively. Subscrij
3 e and m indicate experimental data and model predictions, respectively. i
~ S Table III provides a comparison between a tjpica'l data point and model predictions for ti
same fegd and operating conditions after having determined values of the model parameter:
- as outlined above. (Module pressure = 54.37 atm, temperature = 302.789K)
5 Table 111. Comparison of Experimental Data and Model Predictions
) - Feed Permeate Concentrate Permeate Concentrat
: Flow rate (m>/hr) ©1.02  0.36 0.66 10.335 0.6¢ "Remw
s Solids concentration (gm/m3) 12100.0  104.0 18600.0 105.0 18000.0 K¥AX
fe ' “J0C. concentration (gm/m3) 581.0 3.0 881.0 30.0 850.0
c', 3 i L
@ -
d .
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A Mathematical !todel of an Ultrafiltration
System for \later Purification Use
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Starks and Cecil L. Snith

Department of Chemical Engineering
Louisiana State University
e Daton Rouce, Louisiana 70803

Abstract

s paper describes the development of a mathematical
model depicting the ultrafiltration unit employed in the water
processing element under development by the U.S. Army Medical
Research and Development Command for support of field medical
units. Methodology for solving the model equations and fitting
the mode) parameters to experimental operating data has been
developed and programs written for a digital computer. This
article presents in detail the model equations, the solution
techniques employed, the parameter fitting procedures, and some
typical results.

Development of Basic Equations
IE model equations developed charaterize the operation

of the Abcor HFD ultrafiltration unit shown in Fig.1. Contami-
nated water enters the tube at 2=0 and flows in the Z direc-
tion, exiting at z=L,and is collected as concentrate. While in
the tube, some of the water and contaminants pass through the

membrane attached to the tube's inner surface and is collected
as permeate.
p—— A2 —
ro F(2) F(z+82) I
—— — o,
Cro Cal2) C,(z+82)
Cso (z) > Cn(z+a2)
Ay
2=0 l I 2322 z-L
%g(2)
Ia(2)
Fig. 1. Abcor HFD Tubular Ultrafiltration Unit

CM - inlet concentration of contaminant; g'n/ma
Coo - inlet concentration of water; gm/m

D. - diameter of module; m

Fo - inlet flow rate; m /V'r

Jp - flux of contaminant across meluhnm5 gu/n -hr
J. = flux of water across membrane; am/m"-hr

L - length of module; m
2 - axial spacial coordinate; m

Each ultrafiltration tube is modeled as 2 long hollow cy-
Tinder with a semi-permeable membrane adhering to the inner sur-
face of the tube. The membrane acts as an extra fine mesh, re-
taining suspended solids and some very large organics, but pass-
ing water and much of the dissolved solids. During operation,
a thin boundary
which water must pass before reaching the tube wall. Detailed
equations derived from writing component and overall material
balances for the bulk and boundary layer sections of the tube
form the basis of the model.

the present work, the mode]l is only concerned with the
suspended solids and the llsu!nd solids 1n the feed. Experi-
mental data indicates that both have an effect on the flux of
water and dissolved solids through the mambrane, the permeate
being essentially free of any suspended solids. As presently
written, the mode] assumes that the effect of suspended solids
and dissolved solids on the flux is the same, which permits the
dissolved and sM solids to be Tumped into a si lc con-
taninant, ‘A’ the feed and concentrate streems.
uuﬁ-nul cm becomes available, 1t may be possible to lls-

layer is assumed to form at the membrane through

tinguish between the effects of dissolved solids and suspended
solids on the fluxes.

A steady state material balance on the total solids, compo-
nent 'A', for the differential element in Fig. 1 yields:

Input rate of A = Qutput rate of A
F(z) Co(z) = F(z+ az)Cy(2+ 82) + nD'JA(z)Az )

where: F(zg = fluid volumetric flow ra§e (,,|3/,".)
CA(z = concentration of A (gm/m3)

JA(Z) = flux of A through membrane (gn/hr-m )

As the permeate contains no suspended solids, JA must consist
entirely of dissolved solids.

Similarly, a steady state total material balance on the dif-
ferential element in Fig. 1 yields:

Input rate = Output rate
F(z)p = F(z+ 82)o + w0 _[J,(2) + Jp(2)]az (2)
where: p = tota) mass density (Wna)
Ja(z) = flux gf water, component B, through the membrane
(gm/mé-hr)
In addition, a steady state material balance on component
'B' can be written to obtain an equation analogous to equation
(1). However, this equation is not necessary as it becomes a
dependent equation when equations (1) and (Z{ are used in the
model.
Equations (1) and (2) are readily converted to differential

equations by taking the 1imit as Az approaches zero. For equa-
tion (1), the result is:

& [F(2)Cy(2)) = - w0 3, (2) (3)

Equation (2) becomes:

0
gg%)_ - < SR g(2) + 3yl O]

The boundary conditions are as follows:
Fo(o) = Fo CA(O) * Cao

F° = feed rate to module, n3/hr

CM = {nlet concentration of A, m’

where:

Fluxi
*n stagnant boundary layer is
!mim to u!st near m 11 of the tube as shown in
Fig. 2. The following fluxes 1nu and out of the boundary layer

are defined:
" l((:Az - Cn) (s)
Jg = v(aP - av) (6)

14~

2 4




Jos = kp(Cgy - Cgp) (8)

Bulk Fluid 9 Ca1+Cg1+¥a1 X
; Joa o8
Boundary 1 c
‘ undary layer “n2*’82 """ *2
3 —
3 Membrane ¢
: - L 4
> Permeate A % Caz+Cpa-*az+Xp3
Y

Fig. 2. Fluxes into and out of Joundary Layer

»
:I
o where: J., = diffusional flux of contaminant
< L layer, gm/me-hr out of the boundary

JDB = wzgsgonﬂ flux of water into the boundary layer,

F CAl = concentration of A in bulk fluid, 9"/!!3
: CAZ = concentration of A in boundary layer, g\/l:l3
CAJ = concentration of A in permeate, gn/m3

o (:Bl = concentration of B in bulk fluid, gm/m
5 Cgz = concentration of B in boundary layer, gn/m3

CBJ = concentration of B in permeate, gm/m
Y = permeability coefficient for pure water, gn/mz-
hr-atm
-:‘ B = permeability coefficient for dissolved solids,
¢ m/hr

- AP = pressure drop across membrane, atm
k- An = osmotic pressure difference across membrane =
- 7y = 1y, 2w

", = osmotic pressure at boundary layer fluid, atm
"y osmotic pressure of permeate, atm
g kA"‘B = mass transfer coefficients for solids and water,
y respectively, m/hr

The osmotic pressure is related to the concentration of
contaminant, C, and the absolute temperature, T, by the empiri-
cal relationship

"= fc, T) = aTey(1 + scA)z (9)

where: a = coefficient, :?-3/,“:
B = coefficient, m’/gm
i T = absolute temperature, deg Kelvin
A . To obtain an = w, - "3 it 1s necessary to evaluate " using

CA2 and " usingzc“.

The ﬂu:':r due to the bulk flow toward the boundary layer

can be obtal by writing a tota)l material balance around the
" boundary layer:
% I =9y * 3% Jpu - Ipg (10)
d ] In additfon, a compunent balance for component A can be written:
I " 9t I om

where Xyy = mass fraction of dissolved solids in the bulk stream.

A component balance can also be written for component B, but it
will not be an independent equation.

In addtion, ‘AS‘ the mass fraction of dissolved soiids v"n
the permeate is related to JA and JB as follows:

Xy = (12)
A3 3T

This cmmﬂete}~ the set of equations describing the fluxes at the
boundary layer.

In the ultrafiltration-unit, the concentration of dissolved
solids will be relatively small. Furthermore, the membrane will
tend to reject these components. For these reasons, the follow-
ing assumptions will be made:

1. The membrane permeability flux JA is small compared to .
JB'

2. The diffusional fluxes JDA and JDB are small compared
to JB‘

3. The density is that of water.

Table I presents the flux equations with these approximations
included. Observe that itis no longer necessary to evaluate

’
JDB' :

Table 1
Simplified Equations for Fluxes at the Boundary Layer

Transport Equations Osmotic Pressure Relationships

Jp = B(Cyy - Cy3) b =%y - %y

3 = ¥(P - am) m, ® alCy,(1 + 8e,)°
. e 2

Joa * *allaz = Car) ®g " oTC1 ¢ #0yy)

Material Balance at Boundary Layer
Jp = Js

I¢%a1 * 9t I
o
Lo

Mass Praction/Density/Concentration Relationships

Xg2 = 1- Xy Xg3 = 1- Xy

Caz = PXpp Ca3 = #¥p3

Csz = P%g2 Ca3 = g3
Solution Method

solution method basically consists of numerically inte-
grating the differential equations (3) and (4) resulting from
the total and component material balances. However, this is
somewhat complicated by the fact that the fluxes must be deter-
mined at each increment by solving the set of nonlinear equa-
tions summarized in Table I.

The computation of J, and J, at every point z re-
quires the solution of set of "equatfons in Table I, which
entails two nested {teration loops.

For both loops, the interval halving method was found to
be necessary to achieve a reliable convergence of the loops. A
similar situation exists in the reverse osmosis unit downstream
of the uitrafiltraion unit. The equations proved to be highly
nonlinear, and with varing degrees of sensitivity. Consequently
the reliability of the interval halving method had to take pre-
cedence over computational efficfency.

For the first or outer teration loop, a value of Cpp must
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be estimated. It is known that Ca1 & CAZ < o, which permits in~
terval halving to be utilized.

Mowever, knowing the value of CAZ only permits JDA to be
calculated. To proceed further, a value is assumed for C“.

which must be in the interval 0 < Cyp3 < Cpy. This permits Jg to
be readily calculated as follows: :

3

A2
Jy = - 1.0}, (13)
8 ‘o(tn )

by combining the following three equations:

X3 * 9%
Ca3 = a3
and I = KplCap = Cpg)-

Harriott and Hamilton (2) give the following relationship
for tubular ultrafiltration modules:

0.913 , 0.346 (18)

Ngp, = 0.0096 NRe Sc

S

. kD =
where: NSh = b:a Sherwood number

-
"Re N Reynolds number

N * b—"-— = Schmidt number

AB
where: k = mass transfer coefficient, m/hr
v = kinematic viscosity, m /hr
Dpg = diffusivity, we/hr
D = characteristic length, m
This relationship was incorporated directly into the model.

However in attempting to improve the accuracy of the model, the
relationship

Dpg = gy * b exp(-cxn)

was used to make the diffusivity a function of concentration
where a, b, and ¢ are coefficients.

Now that values are available for CAz and C”. the osmotic
pressures m and ™y can be computed, and then JB' can be evalu-
ated using

Aﬂ'lz-W3

Jg* = (aP - ar).

1f the values of JD and JB' do not agree, the value of C‘J must

be changed. Using the interval halving technioue, the interval
of uncertainty for CAJ is reduced and the computations repeated.

Once a value of C,., is obtained that gives the same value
for Jg and *, the asddnotion for C,, must be checked. Since

values are available for JB' JA' and "DA' we can compute C‘z' as

follows:
g% " Ma(Cag” - Cu) ¢ B(CR" - Cpy)
rewritten as

JaXay * k,C,, +
. 981 * KyCyy ¢ BC
Cpo* .~ A3

It CAz' is not equal to CM. a new value for CAZ must be assumed.

The interval halving logic permits the interval of uncertainty
for Cpz to be reduced and the calculations repeated.

Using this procedure, the nonlinear flux equations are
solved for each integration step.

Parameter Estimation Considerations

Values of several key variables, such as mass transfer co-
efficients and osmotic pressure correlation coefficients, must
be determined from experimental data. A Pattern Search strat-
egy (4) was used to find a set of values for these key variables
which minimized the difference between model calculations and
experimental results.

The Pattern Search technique was chosen for several rea-
sons:
Simplicity
Ease of use

Relative insensitivity to numerical error, i.e.,
no partial derivatives are evaluated

Reasonably fast convergence to the solution
The method is fairly well known

Table II lists the parameters whose values have been obtained
by the parameter estimation procedure.

Table II

Fit Parameters

Permeability coefficient for pure water
Permeability coefficient for A

Coefficient in osmotic pressure correlation
Coefficient in osmotic pressure correlation

Coefficients in the diffusivity relationship

The experimental data on which the parameters were fit
was essentially a “snapshot” of a steady-state condition for
the UF unit. The following information was available:

1. Specifics of Module Configuration and Geometry
a. Length (m)
b. Inner diameter (m)
c. ingr surface area of module available for flux
m

Operating Test Data

a. Inlet volumetric flow rate (m3/hr)

b. Inlet contaminant concentration (gm/m3)
c. Inlet pressure (atm)

d. Outlet pressure (atm)

e. Temperature (°K)

f. Average flux of contaminant (gm/mZ-hr)
g. Average flux of water (gm/m-hr)

T:l'ne I1I lists one set of the experimental data that was avail-
able.




TN M

o

$o®

(e

e
-o'-"

S

»
Sd

- o -
<

[

P A AT

W

T
'l‘.’lll

SRR

~,

LT b

" .

SN

S had =2

PRI R

:
i

3

Table 111
Experimental Data

B Diameter: 0.0254 m
Inner Surface Area: 1.64 mz
Length: 24.4m
Feed Flow Rate: 6.81 m3/hr

Inlet Concentration Permeate Flux Permeate Concentration

(gn/m”) (kg/m°-hr) (gm/m”)
1240 226. 517
2090 153. 869
7620 83.2 1560
13400 n.3 2120

In fitting the data, the cost function employed was the fol-
lowing:

- T & Che,t = Crmyi)’
COS'I"Z:Zi H” —lF—e.-;—l— + um T

i=]

where: COST = cost function to be minimized

= data point identifier

n = number of data points

z; = weighting factor of point i relative to other

-

data points
W.. = weighting factor for flux for data point i
Fi
(0 < e <1
W.. = weighting factor for contaminant concentratior

23 for data point i (0 < Wpj <1
F i experimental value of permeate flux for data
point

F_ 1 = permeate flux predicted by model for data point i

cAe e experimental permeate dissolved solids concentra-
iy tion for data point 1§

C‘. 4 = permeate contaminant concentration predicted by
a model for data point i
In addition to the requirement that the weighting factors "F!
and “Di must each be less than 1.0, they should logically sum to
1.0 for each point i:

H" + "01 =1.0

Table IV f1lustrates the quality of the fit to the data
given in Table I11. The weighting factor z, was 1.0 for each
point, with W, and Uy, being 0.8 and 0.2, Jespectively, for
each point. 4

Table 1V
Model Fit

Permeate Flux Permeate Concentration

{g/n?-hr) _(gn/w’)

Data  Model Error Data  Model Error

226. 216. 4w 517 476 ~7.9%

153. 161,  +5.23 869 766  -11.8%
83.2 8.3 +.33 1560 1637 +4.9%

n.z2 6.6 -8.08 2120 2336 +0.23

Continuing Work
Present efforts are being directed toward incorporating
TOC (Total Organic Carbon) relationships into the model, but

work is awaiting the availability of experimental data on TOC.
At that time, additional efforts will be directed toward improv-
ing the mode) fit beyond that illustrated in Table IV. The
ultrafiltration model is also being combined with models for
reverse osmosis, ozonation, and hypochlorination to provide a
comprehensive mode! for the water processing unit.
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