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Abstract

Steady flow and mixing in a model of an ‘‘arterialized’’ vein punctured by a cannula as occurs during hemodialysis has been

investigated in vitro. The motivation is that a major cause of vascular access dysfunction is the development of venous stenoses. This

phenomenon lacks physiological explanation. However, one may attribute this quick process to the chemical content of the dialyzed

blood and its flow near the point of infusion. The interest in mixing of chemical compounds in the dialyzed blood supplied through

the cannula is, therefore, genuine due to the clinical impacts of haemodyalysis. We are interested in understanding the mixing of the

two streams; namely, the untreated blood through the vein and the treated blood through the cannula. This mixing affects the local

pH, which in turn can affect the solubility of several salts used for dialysis. In addition, since the blood contains molecules of widely

different diffusivity properties, the local composition of blood near the point of injection is of interest. The hypothesis is that

concentration non-uniformities may lead to undesired chemical or bio-chemical reactions leading to the pathological processes in

the region around the needle. The mixing of a high Schmidt number substance in the stream entering from the cannula with the base

flow in the vein is studied by laser induced fluorescence (LIF). The investigations are performed for a range of typical Reynolds

numbers in the cannula and the vein found during hemodialysis. The study shows complicated mixing patterns around the cannula,

and that non-uniformities in the blood persist over long distances for the lower flow rates found in vivo. For the higher flow rates,

the flow loses its stability and mixing is enhanced. The nature of this instability is shown, and quantitative data of concentration

fluctuations are given. We have further considered the effect of rotating the cannula. This leads to a significant change in the mixing

process. The significance of the non-uniformities in mixing of solvents in the blood for the development of venous stenoses should be

further studied not only in fluid dynamical terms but also in terms of endothelial (cellular) effects. � 2002 Published by Elsevier

Science Inc.

1. Introduction

The study of flow in large vessels of the human body
is an active area of research. In particular the relation-
ship between arterial diseases like atherosclerosis and
fluid mechanics has been and is in focus. The aim of
these studies is to establish an explanation as to why
atherosclerotic lesions occur preferentially at certain
locations in the arterial tree. Among the cellular com-
ponents of the arterial wall, the endothelium has re-
ceived most of the attention. This seems reasonable due
to its strategic location, positioned between the flowing
blood and the underlying vessel wall.
Several fluid mechanical parameters have been linked

to the selective development of stenoses in the arterial
tree. Fry (1968) showed that endothelial cells where
permanently damaged if the wall shear stress (steady

flow) exceeded 40 Pa. This high shear stress level is not
generally present in the healthy arterial system. How-
ever, during haemodialysis using an arterio-venous fis-
tula, such shear stress levels do exist (Borg, 2000). Caro
et al. (1971) associated atherogenesis with disturbed
mass transfer at low shear stress regions where the flow
is slow and convective mass transfer is impaired. Ku
et al. (1985) showed that plaque formation in the carotid
bifurcation correlates well with low but oscillating shear
stress. Complementary hypotheses have been provided
more recently, which include effects of temporal and
spatial gradients in the flow. In particular, large spatial
variations of the wall shear stress occur at bends and
bifurcations where spatial gradients normally are large.
It has been shown that endothelial permeability to
macromolecules like albumin depends on the wall shear
stress level (Jo et al., 1991) and on the wall shear stress
gradient by Phelps and DePaola (2000). High frequency
fluctuations in wall shear stress make the wall more
distensible (Roach, 1963).
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During haemodialysis nearly all of the above factors
are present in the neighborhood of the cannula. De-
pending on the flow rate in the cannula (speed of dial-
ysis) the flow may be laminar or transitional-turbulent.
Regions of high wall shear stress (close to 40 Pa) exist on
the vein wall around the cannula and on the wall where
the cannula jet impacts on the curved vein wall (Borg,
2000). Regions of permanently low shear stress and/or
high shear stress gradients exist close to the cannula. For
the highest flow rates possible in vivo high frequency
oscillations in wall shear stress, and high Reynolds
stresses in the interior of the flow exist (Borg, 2000).
Recently, it has been discovered that certain salt

precipitation is present in stenotic AV fistulas (arterio-
venous fistulas). These deposits are present only in ste-
notic AV fistulas and not in non-stenotic fistulas, nor in
stenotic lesions that occur at other places in the arterial
tree (Olsson, 2000).
Here, we report some results that reveal the appear-

ance of solvent inhomogeneity in the blood. This inho-
mogeneity is the result of the streams from the cannula
and the base flow in the vein. This concentration inho-
mogeneity interacts with the above-mentioned factors
that are assumed to trigger the development of a venous
stenosis. The mixing of a substance that is in excess in
the stream from the cannula is studied experimentally
using laser induced fluorescence (LIF) in an in vitro
setup. The effects of the flow rates in the cannula and the
vein, and the position of the cannula on the mixing
patterns, are reported. Some complementary numerical
simulations show good qualitative agreement with the
LIF data.

2. Methods

The experimental setup is aimed to mimic the flow
conditions around a real cannula. The geometry is
therefore a somewhat simplified up-scaled version of a
real cannula. The real cannula has an inner diameter of
1.8 mm and an outer diameter of 2.0 mm. The veins at
the arm after the fistula have a diameter of 2–5 mm but
vary significantly from one patient to another. The flow
in the fistula is almost steady and therefore, we consider
primarily steady-state situations. The rig is scaled such
that it approximately corresponds to a real vein segment
with an inner diameter of 4.3 mm. The angle between
the vein and the cannula is fixed to 10�. Two different
positions of the cannula are considered. In the first po-
sition, O1 the cannula tip is positioned 1 mm above
the vein floor. A schematic picture of the vein and the
cannula in position O1 is provided in Fig. 1. In the
second position, named O2 the cannula is rotated 180�
around its axis compared to configuration O1. Refer-
ence values for the flow rate through the real vein and
the cannula are 0.26 and 0.60 l/min respectively. The

flow rate through the fistula is then 0.86 l/min
(0:26þ 0:60 l/min). Assuming a viscosity of whole blood
of 4� 10�3 kg/m s and a density of 1000 kg/m3, the bulk
Reynolds number in the cannula is 760, 740 in the vein
and 1060 in the vein downstream of the cannula. These
are reference values and we have varied the flow pa-
rameters around these values.
The concentration of a substance downstream of the

cannula is expected to follow the functional relationship:

c ¼ f ðx; y; z;Dc;Dv;Uc;U ; a; q; l;D;Cc;CvÞ
Here, c is the concentration of the substance, x, y and z
denote the Cartesian coordinates, Dc is the diameter of
the cannula, Dv is the diameter of the vein, Uc is the
mean velocity in the cannula. U is the mean velocity in
the vein downstream of the cannula, a is the angle be-
tween the cannula and the vein, q is the density of the
fluid, l is the viscosity of the fluid. D is the diffusivity of
the passive scalar. Cc and Cv are the concentrations of
the passive scalar in the two streams. Using dimensional
analysis with U, q, and Dv as the reduction variables the
following relation is obtained:

c ¼ P
x
Dv

;
y
Dv

;
z
Dv

;
Dc

Dv

;Re;
Uc

Uv

; a; Pe;Cc;Cv

� �
where Re is the Reynolds number and Pe is the Peclet
number, given by:

Re ¼ UDvq
l

; Pe ¼ UDv

D

2.1. Investigated cases

The cases that has been investigated are summarized
in Table 1. The table states also the ratio between mean
axial velocity in the cannula and mean axial velocity in
the vein ðUc=UvÞ. For large values of this ratio the flow
behaves as a jet, causing stronger mixing. For high en-
ough values the mixing layer becomes unstable (e.g.
Cases 3 and 4).

2.2. Experimental setup

The experimental setup consist of two pumps and two
elevated tanks which provide the necessary head to drive
the flow through the model vein and cannula. The model
of the vein is made of glass and has an inner diameter of
22 mm. The model of the cannula is made of plexiglass

Fig. 1. Schematic picture of the cannula puncturing the vein. The

subscripts c and v denote the cannula and the vein sides, respectively.
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and has an inner diameter of 9 mm and an outer di-
ameter of 13 mm. The length of the model of the vein is
2.5 m before the cannula is inserted into the stream
which assures a fully developed laminar profile before
the insertion point. The length of the cannula is 0.5 m,
which also assures a nearly developed flow for the
Reynolds numbers considered. The working fluid is
water with a temperature of 293� 3 K. To quantify
mixing we use Rhodamine B in combination with a
pulsed Nd:YAG laser. Rhodamine B is an organic
molecule and has a strong fluorescence centered on the
red–orange part of the visible spectrum. The maximum
absorption of Rhodamine B occurs around 540 nm,
which is close to the wavelength of the Nd:YAG laser
(532 nm). To reduce refraction index errors the
measurement section is submerged in a water-filled
plexiglass box. The imaging system consists of a cross-
correlation 1280� 1024 pixel CCD camera (PCO
SensiCam Double Shutter) with Nikon Micro-Nikkor
60-mm f/2.8 lenses. The scattered laser light is filtered
out from the laser wavelength light using an optical filter
(Kodak Wratten No. 22). A dual head Nd:YAG laser
(Continuum Minilite PIV) of 2� 25 mJ is used for il-
lumination. Light sheet optics forms the laser beam to a
light sheet. The light sheet is cut by a slit, reducing the
laser sheet thickness to 0.5 mm. The timing of the system
is controlled by a PC using software from La Vision.
The same system has been used for DPIV measurements
of the same flow.

2.3. LIF measurements

In the following, we give a short description for the
quantitative concentration measurements. The descrip-
tion here is limited to low concentrations, lying in the
linear range. A more general description is provided in
Van Cruyningen et al. (1990). For fixed optical settings
in the linear range the following simplified equation

holds for the digital signal level idðx; y; nÞ in each pixel of
the camera array for each laser pulse:

idðx; y; nÞ ¼ kðx; y; nÞcðx; yÞ þ idbðx; y; nÞ ð1Þ
In this equation kðx; y; nÞ includes variations in laser
energy over the sheet for pulse n and optical factors.
idbðx; y; nÞ is the background fluctuations for zero con-
centration. We introduce the variable idc ¼ id � idb, that
is the digital signal level with the local background
subtracted and the following equation is obtained:

idcðnÞ ¼ kðnÞc ð2Þ
Note that the coordinates have been dropped in (2). We
apply the same procedure for each pixel in the CCD
array. We assume that fluctuations in laser energy and
local background are so small that a reasonable estimate
of k can be obtained by averaging over N pulses:

Idc ¼ Kc or
1

N

XN
i¼1

idcðiÞ ¼
1

N

XN
i¼1

kðiÞ
 !

c ð3Þ

To determine the constant K in each pixel, least square
minimization is carried out over M tested concentra-
tions in the assumed linear range resulting in the fol-
lowing estimate for K:

bKK ¼
PM

i¼1 IdcðiÞcðiÞPM
i¼1 cðiÞcðiÞ

ð4Þ

Confidence intervals for K, are given by:

K ¼ bKK � tm�2
sffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPM

i¼1ðcðiÞ � �ccÞ2
q

s ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

M � 2
XM
i¼1

ðIdcðiÞ � KcðiÞÞ2
vuut ð5Þ

In these equations the overbar denotes mean value and
tm�2 is the t-distribution forM samples. With the help of
this equation, the accuracy of the fit can be determined
in each point in the pixel array. Typical values for
the uncertainty of K is 5% in the current application.
The fluctuations in the background are characterized by
the standard deviation taken as 20–30 samples of images
with the laser running, but no tracer in the system. In
each point, we can estimate the total relative uncertainty
by:

e ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
eKð Þ2 þ elaserð Þ2 þ ebg


 �2q
ð6Þ

where the first term under the root is the relative un-
certainty in the linear regression, the second is the rel-
ative uncertainty due to fluctuations in laser energy and
the last is due to fluctuations in the background. The
background error determines the lowest concentration
that can be measured with any accuracy. Typical values
for the error in the current application are 5% relative
error in K, 2.5% error due to laser fluctuations and 1%

Table 1

Parameter values of the cases considered in this study

Case A B C

Uc=U ¼ 1:15 Uc=U ¼ 1:73 Uc=U ¼ 2:30

Uc=Uv ¼ 1:44 Uc=Uv ¼ 2:47 Uc=Uv ¼ 3:84

1 Re ¼ 409 Re ¼ 409 Re ¼ 409

Rec ¼ 196 Rec ¼ 295 Rec ¼ 393

Rev ¼ 327 Rev ¼ 286 Rev ¼ 246

2 Re ¼ 818 Re ¼ 818 Re ¼ 818

Rec ¼ 393 Rec ¼ 589 Rec ¼ 786

Rev ¼ 655 Rev ¼ 573 Rev ¼ 491

3 Re ¼ 1310 Re ¼ 1310 Re ¼ 1310

Rec ¼ 629 Rec ¼ 943 Rec ¼ 1258

Rev ¼ 1048 Rev ¼ 917 Rev ¼ 786

4 Re ¼ 1638

Rec ¼ 1179

Rev ¼ 1146

666 A. Borg, L. Fuchs / Int. J. Heat and Fluid Flow 23 (2002) 664–670



error due to background fluctuations. In the measure-
ments presented in this paper the mean relative error in
the instantaneous concentration measurement is 6% and
the maximum error is 10%. This holds for concentra-
tions down to 6% of the inlet concentration. In regions
with very low concentration, the relative error increases
due to fluctuations in the background but the absolute
error remains low.

3. Results

The results are presented in terms of mixing patterns
in Planes 1 and 2 (c.f. Fig. 1) for the two different po-
sitions of the cannula O1 and O2. As outlined in Table
1, 10 different cases are investigated. For the Cases de-
noted by A, B and C the velocity ratio of the flow in the
cannula and the vein, respectively, is kept constant. For
a specific case number the Reynolds number in the vein
downstream of the cannula is kept constant. We start by
looking at results for mixing patterns in Plane 1. In Fig.
2 instantaneous mixing patterns for position O1 of the
cannula are shown. The image plane extends from the
cannula tip to four diameters downstream of the cann-
ula tip. The pictures show gray scales of normalized
concentration. For Cases 1A–1C, the flow and mixing
patterns are laminar. We note that the region of high
concentration near the vein floor extends over an in-
creased distance when the cannula to vein velocity ratio
increases. This is partly due to an increased momentum
of the cannula jet and partly due to weaker compression
of the jet by the rotational motion of the flow in the vein
induced by the cannula. Numerical simulations of Cases
1A–2C show that two pairs of counter rotating vortices
are set up behind the cannula. The strength of these
vortices decreases as we move from Cases A to C. When
the Reynolds number is increased to 818 (Fig. 2, Cases
2A–2C) the mixing patterns remains approximately the
same as for Cases 1A–1C. We note that in Case 2C weak
signs of transition are seen in the form of small blobs of
high concentration. Similar structures are seen in Case
3A but now in the interior of the flow and further
downstream. In Cases 3B, 3C and 4B the instability
appears early in the cannula jet shear layer.
Velocity measurements made by DPIV on Case 4B

show that in this case the wall jet downstream of the
cannula has a width that is small compared to the radius
of the vein. In the region where it starts to interact with
the lower vein wall, we can consider it as approximately
plane. Furthermore, the jet transverse velocity in this
region is small although it increases quite rapidly as one
moves away from the wall region. We have calculated
the second derivative of the axial velocity in the trans-
verse direction for this case, which shows that the jet
profile has an inflection point. Around one vein diam-
eter downstream of the cannula tip the upper side of the

wall jet is well approximated by u ¼ aþ b cosh2ððy�
y0=dÞÞ where y0 is the center of the plane jet. The shear
layer width is d ¼ 0:05Dv at this position and the dis-
tance between the vortices leading to the mixing patterns
in Case 4B is 6d. This is fairly close to the wavelength of
the mode with maximum amplification rate for a high
Reynolds number Bickley jet (u ¼ b= cosh2ððy � y0=dÞÞ)
given by Lesieur (1997) which is 6:55d.
Fig. 3 depicts the corresponding mixing patterns for

the case when the cannula is rotated around its axis
(Position O2). The secondary flow induced behind the
cannula is weaker in this case than for position O1.
Therefore, the jet is less compressed compared to posi-
tion O1. As for Position O1, Case 1A, B and C remains
laminar. Also here signs of transition are seen in

Fig. 2. Instantaneous mixing patterns in Plane 1 for position O1 of the

cannula. The scale in the bottom of the figure shows the level of

the relative concentration, c=Cc. The arrow in the lowest picture marks
the tip of the cannula.
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Case 2C and more expressed in 3A–3C. Fig. 4 depicts a
comparison of the mixing with ‘‘normal’’ and rotated
(180�) cannula. As seen, the cases with rotated cannula
exhibit less mixing due to the weaker shear layer in that

case. Since it is so simple to rotate the cannula in clinical
situations, it seems that one can affect the mixing by
simple means. The clinical significance of this finding is
to be studied in the future.
In Fig. 5 the corresponding fields of the fluctuations

of the concentration (rms) in Plane 1 are depicted. The
figures to the left correspond to Position O1 of the
cannula and the ones to the right to Position O2. These
figures quantify what is seen in the instantaneous pic-
tures i.e. that fluctuations are nearly absent in Cases 2A
and 2B, are weak in Case 2C and significant in Cases
3A–3C. Note the fast growth of instabilities in the jet
shear layer in Case 3C, which leads to strongly enhanced
mixing further downstream and high levels of concen-
tration fluctuations close to the lower vein wall in the
studied domain.
Instantaneous mixing patterns in Plane 2 for Position

O1 of the cannula are presented in Fig. 6a. The images
depict the plane from the cannula tip to 3.2 diameters

Fig. 3. Instantaneous mixing patterns in Plane 1 for Position O2 of the

rotated (90�) cannula.

Fig. 5. Concentration fluctuations in Plane 1 at Positions O1 (left) and

O2 (right) of the cannula. The gray scale shows the level of the relative

concentration, crms=Cc.

Fig. 4. Concentration fields with ‘‘normal’’ cannula and the corresponding rotated cannula by 90�.
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downstream of this position. The general behavior of
the flow field is governed by the cannula jet that hits the
lower vein wall and spreads along the vein wall, and the
secondary flow induced by the jet. This leads to com-
plicated mixing patterns even in the laminar cases which
consist of long tiny structures of high concentration. We
note that high concentration regions exist close to the
vein walls for long distances downstream of the cannula
in this plane. The formations of the patterns in Fig. 6a
are easier to understand with the help of Fig. 7. This
figure shows the mixing patterns in different cross-sec-
tions of the vein taken from numerical simulations for
Case 1A and 1C. In this figure, we clearly see how the
flow from the cannula hits the vein wall and spreads up
along the vein walls as one moves downstream. For the
higher Reynolds number cases we see that the elongated
structures break down and small scale mixing is visible,
as seen in Fig. 6. The same figure depicts also the rms of
the concentration fluctuations on Plane 2. For the Cases
2A–2C the fluctuations are weak in this plane and for
Cases 3A and 3B, the fluctuations appear in narrow

bands around the structures seen in Fig. 6a. We see that
in Case 3C the concentration fluctuations are large in
regions close to the vein wall and become more uniform
in the plane as one moves downstream of the cannula
tip.

4. Conclusions

The mixing around a model of a cannula puncturing
a vein during haemodialysis have been studies for
physiological flow rates. The flow parameters are varied
so that they correspond to different flow rates through
the fistula and different speeds of the dialysis.
The results show that the flow changes from laminar

to transitional depending of these two parameters. The
impact of this on the mixing patterns and the rms of
the concentration fluctuations in the neighborhood of
the cannula are shown. In the laminar cases, the con-
centration of the substance entering from the cannula
remains high along parts of the vein wall for long dis-
tances downstream. For the higher Reynolds numbers
the flow looses its stability leading to high frequency
concentration fluctuations (O(100)–O(1000) Hz) close to
the wall in the real application. The rms values of the
concentration fluctuations close to the vein wall are high
in those cases.
It has also been found that altering the orientation of

the cannula leads to a significant change in the mixing
pattern. The clinical significance of this finding has to be
further studied.
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