Transport Phenomena in Biomedical
Engineering (196 C)

DATES: January 28 to May 20, 2008
TIMES: 6:00-8:45 PM
ROOM: 333
INSTRUCTOR: Maryam Mobed-Miremadi,PhD
EMAIL: cysomir@sbcglobal.net
PHONE: ( 408) 718 7875



OUTLINE

* Review and Finish Mass Transfer in Biological
Systems.

* Solve Assignment #5 Problems.



USEFUL REFERENCES

* Basic Transport Phenomena in Biomedical Engineering by R.L. Fournier

* Transport Phenomena, Revised Second Edition by Bird , Stewart and
Lightfoot

http://bcs.wiley.com/he-bcs/Books ?action=index&bcsld=3406&i1temId=0470115394

* Elementary Differential Equations and Boundary Value Problems by
Boyce and Diprima or any other Differential Equations Book.



TRANSPORT OF A SOLUTE BETWEEN A
CAPILLARY AND THE SURROUNDING TISSUE

(REVIEW)
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KROGH TISSUE CYLINDER MODEL DEVELOPED FOR OXYGEN UPTAKE
LINK
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KROGH TISSUE CYLINDER

(REVIEW)

* Krogh (1919) used the cylindrical capillary tissue model to study the supply of oxygen
to muscle. The assumption is that the tissue space surrounding the capillary is a
continuous phase (not discrete cells).

« Solute diffusivity (D) is driven by consumption/production of the solute by the cells
within the tissue space.

« The Michealis Menten equation (LINK) in enzyme kinetics will be used to describe the
metabolic rate of the solute in the tissue space. This kinetic model is relevant to
situations where the concentration of enzyme is much lower than the concentration of
substrate.

R(C)= KV'"“;CE (36)

m

R(E)> O when produced

R(E)< 0 when consumed

K Michaelis Menten constant

The maximum reaction rate occurs when, R (E)z V.=R, for K, << C = zero order reaction ( biolog ical cases )

- -\ V.C
When K, >>C, R(C)=;<L = first order reaction



A MODEL OF THE KROGH TISSUE CYLINDER (review)

Assume flux inthe axial direction(z)is constant

N =C(l1-0o)Q+PSAC (32)

I * AT
If C(l-0)0<<P SAC f
Then N_=P SAC T " Radial )
S =27 Az D"IfoSIOh L] - 'H
N, :27172AZK0(C_E - ) . ztA
Axial Convection (neglected)
Assume blood as a continuous phase Solute exchange for blood /capillary exchange occurs at r,
— Solute exchange for capillary tissue exchange occurs at (r. + t,, )

va’C | -vmiC | =2mak,(c-C| )
Divide Az and taking the limit at Az — 0 ° T T
for SS Shell Balance in 7 direction K. 2P, EKO K, = 1 1 1

dc 2 — R, TR R ~ to
_ —=—KO(C—C ) (37) | 2 n K, P,

dZ rc T .+, O ' i v v v n N —
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Fick’s First Law in Radial Direction

dC
JAr__(DT ); (5)

A SS shell balance for a given z at r to (r + Ar ) for the solute concentration

in tissue space :

dC

~D ——2mrAzl +D, d—czyzmz\ = R(C 27mrAzAr
dr r dr r+Ar
After dividing by 27rAr and taking the limit as Ar — 0 :
d( dcC =
D.—|r— |—-R(C)=0 38
' dr( dr ] (¢) (58)
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v 2k(c-c| ) (37
dZ rc r.+t,
d( dcC —
D,—| r—|-R(C)=0 38
Tdr[rdr] (€) (38)
BCl: z=0, C=C,
BC2: r=r +t, c=C r.+t,
BC3: r=r, d—C=0
dr
- - R A ) R r [ p )
Clr.z2)=0C (= p-- (;" —(r: +fw) ) - —L |n (5.104)
My 40, 212, o
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i"?!.'r'r'll'.:‘“ e :.I-Hr_l:{-l =H-|:r: _l;—l +,fIH }! ]_' Rl.!- Ei.tm.l

-L-mi.;. couition may be rearmanged w give the following equation thar provides for
wial variation of the solute concentration o the capillary,

[.‘{:}:L;—%%[rf—[ﬁ +:_}"]: (5. 106)
3

oy

A0 Equiation 5100 with the esult thit

 Equation 5.106 can now be used 1o find
solve for C2) | + + v, Which is given by the eguition below,

Ciz) . =C(z)- "r:ﬁ: [rf —( +rﬁ]!) 15.107)
i o

te that C12) in Equation 5,107 makes Ciz) | .. 41, Jepend on 2, and by Eguation 3. IIFH.
e tissue space solute concentration then depends on both rand z as discussed earher.
o[} s 5.104, 5. 106, and 5.107 can be combined 10 give the following equation For
e solute concentration in the tissue space.

Clr.zy=C€, —J—R'J-[rf ~(r *0) }:

-

| R (5.108)
.'i."" ~ 1 R, [: 5o J‘]]_ T r
2K [rf_rr’ﬂ'} ]"haﬂ,[r (. +1.) 20, Lr ot
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Under some conditions cither the delivery of the solute to the capillary may b
mited by the capillary Aowrte, or the transpont rate of the solute across the caprillary
i% limited, or the consumption of the solute by the tissue is very rapid. Any one of
e conditions may lead to regions of the tissue that have no solute. We can thvien
Ve o crifical rodiny in the tissoe, rua o) defined as the distance beyond which no
late is present in the tissue, For this situation we need o mmodilfy boundary condition
i Equation 5,103 1o the following:

B3 : r=r (=), — =0 agnd C = 1) (5. by

these conditions. the solule concentrntions i the capillary, t.e Ciz), mt the
ce berween the capillary and the txsue space. e :'_*l:ri.l oopye ated 0 the s
e itself. i.e. Clrz). would still be given respectuvely by Equations 5. 106, 5,107, and
B, however, the Krogh tissue oylinder radius, ry, is reploced with e o) onoe the
e concentraion in the tissue o particular location has reached zero. The critical
IS may be obtained by recognicing that sl ez O, ) = L Thus we mury s
aMation 5. 108, with ry = faeealcf and Olr, o) = . 1oy pvbtoan the folloswing @ pression
e critncal radius,

2 2 >
’:.‘rim:al(z) ln rmlscnl(z) b Irv:'r'uit.‘ll(z) 1= 40?"("1]
r+t 4L B R,(r +1 )

4D

LAl A A rKy|\ r.+t

‘ﬂ

e (2 l -.-_.‘?'Dr v (2) 2 (5.1!;_

L~
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THE PECLET NUMBER eview)

« The magnitude of the Peclet (Pe) dimensionless number represents the
importance of axial convection in comparison to axial diffusion. The criterion
for ignoring axial diffusion is given by Pe=VL/D>>1.

« A similar line of reasoning could be applied to the tissue space to support the
neglect of axial diffusion in comparison to radial diffusion:

[DTCO sz,c L= Trasnport by Radial Diffusion (39)

=T

DT%ﬂ(r2T — rzc)z Trasnport by Axial Diffusion (40)
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RENKIN-CRONE EQUATION eview

— d—ngKO(C—(_?\ ) (37)
dZ rc Tt

When C . <<C K,=P,

a€__ 2 pc=—pc (41

dz Vr 0

Integrating eq(41)and rearrangirg to obtain the solute concentraion at any axial positionz,

The RENKIN—CRONEEQUATION gives the solute extraction E

E:[CO _C(Z)]Zl—exp 2m Pz

C 0 (42)

QC, is the maximum amount of solute that can be transportel, QC, X E isthe actual amount

2m P
If CT’”Z>>1, flowlimited regime
27 P
If WCQ n® <<1, Diffusion limited regime

Forregions of tissuewith multiple capillarie

2mz=S, S total surfaceareaof capillaries within thetissue region of interest.
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DETERMINING THE VALUE OF
SOLUTE PERMEABILITY (P, S)

The multiple tracer indicator diffusion technique is used to obtain permeability
across the capillary wall in organs, large tissue regions and artificial membranes
(hemodialysis and bioartificial organs). At time equal to zero, the solutes are
injected into a main artery feeding the region of interest.

The clearance is calculated by obtaining venous blood samples for the
concentration of test (permeable, C) and reference (non-permeable, C ) solutes
over a few seconds (Figure 5.20).

Clearance (CL), is the volumetric flowrate of the fluid that has been totally cleared
of the solute at a certain time.

B PmS

CL(z)zQ[COEC(Z)]:QE: Q[l—e QJ (43)

0

When P S>>Q ( flow limited ) and E=1, CL=Q
When P S<<Q (diffusion limited ), CL=P S

2 I3

I .
e—z_;n!—l—i—.t:—i—m—i—gt—i— for all =

Example 5.16 in textbook.



SOLUTE TRANSPORT IN VASCULAR BEDS

Two main routes for circulation are the pulmonary (to and from the lungs) and the systemic
(to and from the body). Pulmonary arteries carry blood from the heart to the lungs. In the
lungs gas exchange occurs. Pulmonary veins carry blood from lungs to heart. The aorta is the
main artery of systemic circuit. The vena cavae are the main veins of the systemic circuit.
Coronary deliver oxygenated blood, food, etc. to the heart. The Krogh tissue cylinder model
provides a description/capillary. This is not an appropriate model for the areas of high

vascularization.

Capillaries Arteriole Wenule

Venule
; Arteriole
Idealized Capillary Bed

Ci!}ﬁi [lary

[ssue

| - ;
=il cylinder
Weln |

Artery capillaries Tissue cells
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Two parameters are used to describe the degree of vascularization:

Surface area capillary density (s ) isthe capillary surface area/unit volume of tissue
2r

2

Fr

(44)

\)

(v ) is the volume of capillaries/ unit volume of tissue
2
y= (LJ (45)
rT

Separate Well-Mixed
Regions N
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A steady state balance around the capillary wall assu min g that diffusion is the only driving force

yields :

oc, |, =0C,

_0 _(rn)(v_¥
O

q, s defined as the tissue blood perfusion rate
%
V' is the velocity within the capillary

_—PS(C-C) (46)

. 1S the volume of the tissue region considered

L is the capillary length

T is the blood residence time

P S(C - C_‘ )=R,V, ( For a zero order reaction )

Solving eq.( 46 )

R R
c=c,- YR K4y
q,
C is the solute concentrat ion in the blood in the tissue of int erest
. %
C=C,—-R, L+ L (49 )
qb PmS

Example 5.15 is a good illustration of Solute Transport in Vascular Beds.
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ASSIGNMENT

* Get your questions ready for the 4/14/08 exam by
the 4/09/08 lecture. The office hours will be
extended on Monday on 4/14/08 (1:00-5:00 PM).

e Study Chapters 4 and 5 (except for Vascular Beds
section 5.10.3) for 4/14/08 Midterm. The format
will be the same as the First Midterm (1/3
definitions, 2/3 Problem Solving).

* Do not forget the 4/9/08 lecture.



