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ABSTRACT 

In the development of an artificial implantable heart 

it is necessary to make use of both medical and engineering 

information. Because the field is fairly new, much of the 

desired information has not yet been gathered and the pur¬ 

pose of this investigation was to collect some of this in¬ 

formation. Studies were made of the heat transfer proper¬ 

ties of a blood-Silastic interface and hemolysis tests were 

made to determine the effects of pumping, turbulence, and 

temperature on the red blood cells. 

It was found that a film of biological material built 

up at the interface and that this film greatly hindered the 

flow of heat. Studies were made of the growth of this film 

under various conditions. The hemolysis rate was found to 

be essentially independent of the amount of turbulence. The 

studies were made for Reynolds numbers up to approximately 

6000. Using a centrifugal pump, it was found that faster 

impeller rotation speeds resulted in higher hemolysis rates. 

Higher temperatures generally produced higher hemolysis 

rates. 
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INTRODUCTION 

There are many facets in the development of an artifi¬ 

cial implantable heart. Much of the work being done in the 

field is centered around some type of mechanically driven 

pump. Since these mechanical devices are not 100 per cent 

efficient, a certain amount of heat will be released. If 

the pump is totally implantable, the heat will be released 

to the surrounding tissue and will probably be too much to 

be absorbed without damaging the tissue. One approach to 

the problem would be to put the heat into the blood stream 

and let the heat be dissipated throughout the body. Using 

this approach, the designers of the artificial heart must 

determine the amount of heat that will be released and be 

sure that enough of it can be put into the blood so that the 

tissues surrounding the pump will not be damaged. In order 

to determine how much heat can be disposed of, one must know 

how the system will resist the flow of this heat. 

To some extent, every substance will resist the flow of 

heat through it. One of the major resistances to the flow 

of heat will be the plastics which are being used at the^v 

junctions of mechanical and biological systems. Another 

point of resistance is found at the blood-plastic interface. 

This resistance is composed of two parts, a liquid film and 

a biological film formed by substances in the blood plating 
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out on the solid surface. The liquid film is a layer of 

liquid which is relatively motionless as compared to the 

bulk of the fluid because of frictional drag with the 

wall. The thickness of the film varies with the turbulence 

in the liquid flow. The major purpose of this research is 

to determine the heat flow resistance of the liquid film un¬ 

der varying flow conditions and to study the buildup of the 

biological film and its effects on the flow of heat. 

Hemolysis studies were also made to determine the ef¬ 

fects of heat, flow conditions, and pumping on the red blood 

cells. A few clotting time tests were run to determine the 

effects of the experiments on the clotting time of the 

blood. 

The experiments were made using bovine blood instead of 

human blood because large amounts of fresh bovine blood were 

more readily available. One would not expect that the dif¬ 

ferences between the two kinds of blood would be enough to 

affect the significance of the results. Also, the blood 

contained an anticoagulent which is described in the materi¬ 

als section. 
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THEORETICAL DEVELOPMENT 

A. The Heat Transfer Equations 

This section is a discussion and mathematical develop¬ 

ment of the equations describing the flow of heat within the 

system. The equations developed here will apply to the spe¬ 

cific experimental situation of a fluid flowing within a 

tube with heat transfer to the fluid occurring evenly along 

the tube. It will be a steady state situation. 

In the experimental setup there were several resist¬ 

ances to the flow of heat between the heat source and the 

fluid. Fourier’s law applies to those resistances which are 

solid materials.'*' 

dQ - .^dT 
HIT - KAcTx 

where Q is the heat flow as in Btu 
t is the time 
A is area 
k is thermal conductivity as in 

Btu/(hr.) (sq. ft.) (°F./ft.) 
T is temperature 
x is distance. 

This equation applies to the situation where x and Q are 

designated as positive in the direction of decreasing tem¬ 

perature. In the experimental situation, the solids are 

tubes and the heat flow will be designated as positive in 

the direction of decreasing temperature which will be from 

the outside of the tube to the inside. Since x will be 

measured as a radius, the change in x will be negative in 
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the direction of decreasing temperature and the minus sign 

in the equation must he dropped for the equation to hold 

true. For the steady state, the left hand side of the equa¬ 

tion has a constant value and can he designated hy q. The 

equation may then he rewritten as follows: 

Since the surface area is not constant from one value 

of x to another, it is common practice to refer to the area 

in the equation as the mean area. There are ways to de¬ 

scribe the mean area mathematically hut as will be shown 

later, this will not be necessary. Also, since the thermal 

conductivity varies with temperature, it is sometimes used 

as a mean value. As with the mean area, it will not he nec¬ 

essary to describe the mean thermal conductivity mathemati¬ 

cally. 

Letting H and L designate the high and low temperature 

regions and integrating from L to H, we get 

The quantities within parentheses are positive and will he 

represented by A x and A T which gives 

At the solid-fluid interface the heat flow is given hy 

The equation is not really a law hut rather a defining equa¬ 

tion for h, the heat transfer coefficient. The h is the 

equivalent of km /Ax in equation (l). 

q(Xn - XL) - Amkm(TH - Tl) . 

q “ A x/^m^m 
A T 

(1) 

(2) 
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In turbulent flow there exists a layer of fluid at the 

wall which is relatively motionless as compared to the bulk 

flow. This layer is often referred to as the fluid film and 

is the major resistance to heat flow by the fluid. The heat 

penetrates the fluid film mainly by conduction and is then 

quickly distributed throughout the bulk flow by convection. 

One can visualize the h as being a of the film. One 

would expect to find decreasing film thicknesses and in¬ 

creasing h*s with increasing flow rates. 

In laminar flow there is not such a clear cut separa¬ 

tion of bulk flow from fluid film and it is harder to justi¬ 

fy equation (2) on the basis of a fluid film approach. How¬ 

ever, equation (2) does give reliable results for laminar 

flow and it is probably best to regard equation (2) as the 

definition for h at the interface. When using a particular 

value of h, one must remember that it is for a particular 

fluid, flow pattern, and interfacial temperature. 

Since the same amount of heat flows through all the re¬ 

sistances, we have 

q " ^^wall " Tf luid) =^^Am
Am)1 

=(ps)2 
= * ‘ 

where the terms 1, 2, and so on refer to the resistances in 

the system other than the interfacial resistance. As will 

be shown shortly, it is not necessary to completely define 

and mathematically describe the separate resistances of the 

system, excluding the solid-liquid interfacial resistance. 

Combining the individual temperature drops, we get 

A^total “ A^interface / A^1^A^2^* • • 
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Substituting for the individual temperature differences we 

get 

ATtotal = (q/hA)interface * 
/ (qA*AmAm)2 / • • • 

The q can be factored out of the right hand side of the e- 

quation and this will leave a summation of terms which can 

be thought of as resistance terms. This puts the equation 

in the form of driving force z rate of flow x resistance. 

It is convenient to combine all the resistance terms other 

than that of the interface and refer to the combination as 

the resistance of the system. The resistance of the system 

will henceforth be denoted by K. The equation, after some 

rearranging, then becomes 

_ _ ^Ttotal . (3) 
3 - IT7T.7EE 

One can determine the K without knowing the values of 

the individual terms which comprise it. There are charts 

which correlate fluid and system properties, Reynolds num¬ 

bers, and heat transfer coefficients. One can make an ex¬ 

perimental run with a fluid which fits the chart and make 

measurements of heat input, total temperature difference, 

and flow rate. The h value can then be obtained from the 

chart and putting these values into equation (3) one can 

solve for K. After the value of K has been determined, the 

fluid whose h cannot be obtained from the chart can be put 

into the system and the same measurements made and the h 

value for the fluid can be calculated for that particular 

flow rate and interfacial temperature using equation (3). 
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B. The Biological Film 

Once the K of the system has been determined, the ex¬ 

perimental runs with blood can begin. While the runs with 

blood are made, a biological film is being formed on the in¬ 

ner tube wall as components of the blood plate out on the 

surface. Information concerning the content of the film and 

the reasons for its formation can be found in references (2) 

and (3). 

This film also resists the flow of heat through it and 

once the formation of the film has begun, the value of K be¬ 

gins to increase as the film represents just another term 

being added onto the resistance of the system. However, it 

is impractical to be constantly redetermining the K value so 

it was done only occasionally as a check on the growth of 

the film. What was done was to use K as a system constant 

and consider the h as representing the fluid film and the 

biological film combined. As the biological film builds up, 

the heat transfer coefficient values drop. Since one would 

expect the fluid film to remain essentially the same, the 

drop is caused by the growing film, thus giving some infor¬ 

mation about the biological film. 

C. The Hemolysis Determinations 

Samples were taken during the experimental runs to check 

on the hemolysis taking place in the system. Hemolysis re¬ 

fers to the damaging of red blood cells causing them to re¬ 

lease their hemoglobin. The hemolysis level is determined 

by measuring the amount of hemoglobin that is in the plasma. 
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The test for hemoglobin consists of separating the plasma 

from the red cells, adding a reagent to the plasma, and 

reading the optical density of the mixture. 

The equation used to calculate the hemoglobin level is 

as follows: 

mg./lOO ml. = (R. F.)(l - HCT)(0. D.) (4) 

where mg. is milligrams of hemoglobin 
100 ml. is 100 ml. of whole blood as it exists in the 

experimental system 
R. F. is the reagent factor in mg. of hemoglobin/ 

100 ml. of plasma/0. D. Unit 
HOT is the hematocrit(per cent of the blood which is 

red cells by volume) 
0. D. is the optical density 

The reagent factor times the optical density gives the hemo¬ 

globin level per 100 ml. of plasma. The term (1 - HOT) cor¬ 

rects this to mean per 100 ml. of whole blood. To get the 

hemoglobin level in mg., multiply the mg./lOO ml. value by 

the volume of the system in ml. and divide by 100 ml. 

One can determine the hemolysis rate by talcing samples 

at different times during an experimental run and calculat¬ 

ing the change in the hemoglobin level which occurred over 

a particular period of time. 
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APPARATUS AND MATERIALS 

A, The Flow System 

Most of the system shown in Figure (1) consisted of 

Tygon tubing(Formulation R36.03). Silastic 372 tubing was 

used in a few places because of its resiliency and was also 

used in the heat transfer area. These two types of tubing 

were used because they do not hemolize the blood as much as 

most other types of tubing. The system was composed of a 

number of short lengths of tubing connected by Lucite fric¬ 

tion fittings and other Lucite fittings held on by slipping 

the tubing over the fitting and using a screw clamp to hold 

the connection. All of the tubing other than that in the 

heat transfer section had a ^ in. I.D. 

The discussion of the flow equipment will start with 

the pump and proceed downstream. The pump used was a sub¬ 

mersible centrifugal pump constructed so that the only types 

of materials to come into contact with the blood were a gas¬ 

ket and a plastic rotor and pumping chamber housing. The 

pimp was kept submerged to keep it cool and was controlled 

by a rheostat. The tubing running from the pump to the hot 

water bath was Silastic because a more flexible tubing was 

needed for the pressure clamp. The Tygon tubing would not 

return to its original shape as would the Silastic and the 

Silastic tubing held up better under repeated clampings. 
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The pressure clamp consisted of two pieces of board 

clamped across the tubing. The clamp was used to control 

the flow rate and prevent cavitation. Cavitation occurs 

when the high velocities at certain points on the impeller 

cause local pressures to fall below the vapor pressure of 

the liquid. Vaporization occurs at these points, forming 

bubbles which in turn cause hemolysis. The pressure clamp 

backs up the high pressure into the pump and prevents cavi¬ 

tation. 

The hot water bath kept the blood temperature within 

one degree Centigrade of the desired setting. The bath was 

kept well stirred and contained about eight feet of the tub¬ 

ing of the.system. Immediately after leaving the water bath 

the fluid flowed around the thermocouple measuring the bulk 

flow temperature and then entered the heat transfer area. 

The Y connection just after the heat transfer section was 

used as a port to the outside and as a bubble trap. The 

branch that was clamped off was kept above the flow branch 

and bubbles in the fluid tended to rise into it. Just after 

the Y connection was the sample and filling port. The port 

was a nylon Swagdlok fitting bored into a Incite connector. 

The manometer was 57»2 cm. measured from the tips of 

the connectors. The tubing of the manometer which indicated 

the pressure drop was composed of £ in. I.D. Tygon tubing. 

The valves located along this tubing were installed to make 

it easier to run the experiments. The tubing was connected 

to the main flow system by T connectors. The connection was 

made so that the opening was under the main flow so that the 
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manometer tubing did not get bubbles in it which would have 

made it harder to read the difference in the heights of the 

liquid columns. After leaving the manometer, the fluid 

flowed back into the pump. 

During the manometer calibrations, the rotameter was 

connected between the pressure clamp and the water bath. 

The rotameter gave readings in per cent of 6.9 l./min. for a 

fluid with a specific gravity of 1.01. 

B. The Heat Transfer and Temperature Measuring Systems 

The inner tube in the heat transfer section shown in 

Figure (2) was a Silastic tube with an I.D. of 3/8 in. and 

an O.D. of 1/2 in. The first runs were made with a tube 

length of 17^ in. The entire tube was used for the heat 

transfer. At the beginning of the second long series of 

runs, the tube was replaced with one approximately 40 in. 

long. However, only 17|- were still used for heat transfer. 

The inner tube was inserted in a 17\ in. long steel tube 

with a 1/2 in. I.D. and a 3/4 in. O.D. and a silicone grease 

was placed between the two tubes to get a better contact for 

heat transfer. For the first inner tube, special connec¬ 

tions were attached to the steel tube to try to get a fairly 

continuous flow from the 1/2 in. tubing to the 3/8 in. tub¬ 

ing in the heat transfer section. For the second setup, the 

Length/Diameter ratio was about 100 and was a much better 

way to control turbulence introduced at the Joints where the 

system diameter changed. 

A heating tape was wrapped around the steel tube. The 



12 

tape was 1/2 in. by 6 ft. and could take 275 watts on 110 

volts. A thermocouple was taped to the steel tube and care 

was taken to be sure that part of the heating tape did not 

touch the thermocouple and thereby cause incorrect high 

readings. This heat transfer section was then wrapped with 

asbestos cloth tape. The thickness of this wrap was approx¬ 

imately 1/2 in. A thermocouple was buried in the asbestos 

near the outer surface. Another heating tape was wrapped 

around the outside of the asbestos. Both heating tapes were 

controlled by rheostats. Polystyrene foam was then placed 

around the asbestos to hold in the heat from the outer 

heating tape. 

The purpose of all the wrapping was to control the heat 

entering the blood. The inner heating tape supplied the 

heat for the blood. The outer tape was used to equalize the 

temperatures across the asbestos. If there was no tempera¬ 

ture difference across the asbestos, no heat would flow 

across it. A wattmeter was attached to the inner heating 

tape and the readings for the two thermocouples were kept 

balanced. It was assumed that negligible heat was lost 

through the ends of the heat transfer section as these ends 

were also taped up and covered. 

In long systems with a considerable amount of heat flow 

it would be necessary to have a number of thermocouples 

since the temperatures would be changing down the length of 

the system. In the experimental system used here, this was 

not a problem and one thermocouple was all that was neces¬ 

sary to measure each temperature. The blood temperature 
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did not change enough going through the heat transfer area 

for the difference to he detected without using more accu¬ 

rate thermocouples and recorders. 

The thermocouple setup is shown in Figure (3). The 

recorder used was a Honeywell Blectronik 19. The thermo¬ 

couples were copper-constantan. The thermocouple in the 

liquid was covered with a layer of Silastic Adhesive which 

kept the metals from causing hemolysis. In Figure (3), the 

copper wire is designated by Cu and the constantan by Con. 

The thermocouples were made by stripping the ends of thermo¬ 

couple wire and forming the Junctions by heating the tips 

together in the flame of a torch. The thermocouples were 

checked with beakers of water at various temperatures and 

found to be reasonably accurate. It was discovered after 

the experimental runs were over that the recorders used had 

not been perfectly accurate but it was too late to do any¬ 

thing about it then. However, any error introduced by the 

combination of the thermocouples, switches, and the record¬ 

ers (two different recorders of the same type were used) 

would be fairly constant and the K determinations would tend 

to compensate for this as discussed elsewhere. 

C. Materials 

An antifoamer was sprayed into the measuring tubes of 

the manometer to keep the blood from frothing which would 

obscure the difference in the liquid levels. The product 

used was a silicone defoamer, Antifoam A, made by Dow- 

Coming. 
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The grease used "between the steel tube and the Silastic 

tube in the heat transfer section was a heat stable silicone 

lubricant. It was Dow-Coming Stopcock Grease. 

The covering used for the bulk flow thermocouple was 

Dow-Coming Silastic Medical Adhesive Type A. 

The blood used was bovine blood. At the time it was 

used, the blood was usually from a few hours to a few days 

old, with age being measured from the time of collection. 

Every run required two bags of blood, each bag containing 

about 525 gm. of citrated whole blood. Each bag contained 

75 ml. of an anticoagulent. The anticoagulant used was the 

A-C-D Solution, U.S.P. and N.I.H. "Formula A." 
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Sample and 
Pilling Port 

Pump 

FIGURE 1 THE PLOW SYSTEM 
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FIGURE 2 CROSS SECTION OF THE HEAT TRANSFER SECTION 
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Thermocouple 

FIGURE 3 THE TEMPERATURE MEASURING SYSTEM 



EXPERIMENTAL PROCEDURE 

A. Calibrations 

After getting the equipment put together, the first 

thing that had to be done was to calibrate the manometer 

using a rotameter. This was done for water and blood at 37° 

C. Although the rotameter was more accurate and easier to 

read than the manometer, it was decided to use the manometer 

for several reasons. For one thing, the metal float of the 

rotameter may have caused some hemolysis. The manometer 

was a better choice on the basis of the trouble involved in 

filling and emptying the system. Also, the manometer pro¬ 

vided a reserve volume to allow one to take samples. When a 

sample was withdrawn from the system, blood from the manome¬ 

ter, which was open at the top, replaced the blood that was 

withdrawn. This, of course, introduced some error in the 

hemolysis readings as the essentially undamaged blood from 

the manometer was being mixed with the damaged blood in the 

flow system. The volume of the sample was so small as com¬ 

pared to the volume of the system that it was felt that this 

was a negligible error. To calculate the Reynolds numbers 

for the blood flow rates, a value for viscosity supplied by 

Mr. Nevaril was used. He had tested the blood being used in 

the lab and determined a value of 2.46 centipoise at 36°C. 

An attempt was made to calibrate the rheostat that 
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controlled the heat input but this failed for reasons that 

are discussed elsewhere. 

B. Daily Procedures 

The procedures discussed here are those of taking data 

and making the calculations. The details of making the 

clotting time, hematocrit, and hemoglobin tests and the pro¬ 

cedure for emptying, cleaning, sterilizing, and filling the 

system can be found in the Appendix. 

For the water runs, the readings taken were the milli¬ 

volt readings for the thermocouples measuring the bulk flow 

and Jacket temperatures, the wattmeter reading giving the 

heat input, and the flow rate measured either by the manome¬ 

ter or the rotameter. The chart on page 44-3 of Unit 

Operations^1 was then used to determine the h in equation (3) 

and the equation was then solved for K. Enough runs were 

made to determine a good average K and this value was then 

used in the calculations for the heat transfer coefficient 

for the experimental runs with blood. 

It was necessary to use two bags of blood for each run 

with blood. Three initial samples were taken, two from one 

bag and one from the other, both bags being from the same 

cow. The extra sample from one bag was used in the hemato¬ 

crit determination. The other two samples were spun down to 

check the blood to be sure that it hadn’t gone bad. The 

condition of the plasma was then recorded. Also recorded 

were the pimp setting, the reagent factor, the starting 

time, the manometer reading, and the volume of the system if 
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it was determined that day. Samples of blood were taken at 

intervals throughout the run to test for hemoglobin content. 

Once the heat transfer situation had become stable, readings 

of the jacket and fluid thermocouples were recorded as was 

the wattmeter reading. The time that the samples were taken 

and the time that the heat transfer data was taken were re¬ 

corded. The length of the manometer was checked every day 

to be sure that it did not vary from the length it was dur¬ 

ing the calibration. The blood was kept as near as possible 

to 37 C., body temperature, for the heat transfer runs. 

The thermocouple millivolt readings were converted to 

temperature readings using the reference table found on 

page 392 of reference (6). The temperature difference and 

heat input were calculated and converted to the proper units 

and put into equation (3). The equation was then solved for- 

h. The first group of h values was widely varying and it 

became necessary to watch the recorder and wattmeter readings 

very carefully. This first group of values was useless and 

is not reported in the results. 

The procedure described above was for a normal run. 

Runs were also made with variations in the flow rate and 

wall temperature. Runs were made without making the heat 

transfer tests. These runs were made to check the effects 

on the hemolysis rate of variations in the flow rate, pump 

rotor rate, and temperature. Samples were also taken in a 

few runs to determine the clotting time of the blood. The 

reasons for making the above runs and tests are discussed 

elsewhere. 
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Most of the runs were ended after about five hours, if 

not sooner. This was done because the hemolysis level was 

often too high by that time, 

C. Series of Huns 

There were three series of runs made to check on the 

growth of the biological film. At the beginning of each 

series, the K of the system was determined. The film 

was allowed to grow until the end of the series when the 

tubing was either cleaned out or replaced. A plot of h 

versus time was made for each series. 



DISCUSSION OF RESULTS 

A. Calibrations 

The calibration curve of rotameter reading versus ma¬ 

nometer reading for blood is given in Figure (s)> and that 

for water is given in Figure (7). A large number of points 

were taken because of the importance of these curves. 

The rotameter gave flow readings for a liquid with a 

specific gravity of 1.01. This is close enough to the spe¬ 

cific gravities of water and blood to give accurate results. 

The flow rate through the rotameter depends very slightly 

upon the viscosity,** but the rotameter is only marked for 

fluids of a particular specific gravity. However, the pres¬ 

sure drop across the manometer does depend upon the viscosi¬ 

ty of the liquid.** Since the viscosity of blood is several 

times that of water, the two calibration curves are not the 

same, but they are similar. As expected, the blood showed 

a greater manometer pressure drop for the same flow rate. 

An attempt was made to calibrate the inner heating tape 

with its rheostat, but this did not work. It failed because 

the rheostat delivered a certain percentage of the line volt¬ 

age and the line voltage varied. With this situation, the 

rheostat can have the same reading and be delivering differ¬ 

ent voltages. However, as was discovered later, the scale 

of the Powerstat could not have given the required accuracy. 
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B. K Determinations 

The chart used to correlate system and fluid character¬ 

istics with heat transfer coefficients can be found on page 

443 of Unit Operations.^ One of the terms used is the ratio 

of the viscosity at the surface temperature and the viscos¬ 

ity at the bulk flow temperature raised to the 0.14 power. 

It was found that this term is essentially unnecessary as 

its value is approximately one and it is multiplied with 

other terms. The resulting multiplication is not such a 

sensitive factor that the assumption for the viscosity ratio 

distorts the final result. The assumption was a result of 

the fact that the temperature drop across the liquid film 

was very small. It would not hold true if there was a large 

temperature drop across the film with a liquid whose viscos¬ 

ity was very temperature sensitive. 

It was necessary to use an average K value from several 

runs because of variations in the values. These variations 

will be discussed in the section dealing with the heat 

transfer coefficients. 

The K determinations showed that the silicone grease, 

which was placed between the steel and Silastic tubing, 

changed its characteristics shortly after being applied. 

There were three separate long series of runs which kept 

track of the changing heat transfer coefficient. The first 

and third series took place in such a way that the K determi¬ 

nations were made after the grease had had time to change. 

The K determination for the second series was made immediate¬ 

ly after the grease was applied. Other K determinations 
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made a few days later showed that the K had dropped sig¬ 

nificantly. Since the K value should have moved in the op¬ 

posite direction, this caused some concern. It was discov¬ 

ered that the grease had dried out somewhat. As the long 

term run continued, the grease did not seem to change any¬ 

more. Since the grease is supposed to hold its properties 

and be heat stable for long periods of time, it would not be 

unreasonable to expect an initial change upon exposure to 

air and heat and then a very gradual change, if any, with 

long periods of time. The K determinations seem to bear 

this out. In the first and third series of runs, and after 

the initial change in the second, the heat transfer coeffi¬ 

cient values rose significantly as had been expected. Since 

the grease change lowered the K value, one would not expect 

to see rapidly rising h values if the grease had continued 

to change. 

A calculation was made to try to determine the accuracy 

of the K determinations. For this rough check, it was as¬ 

sumed that the Silastic tubing contributed almost all of the 

resistance included in K. The following equation was used 

for the check. 

.. . Ax 
K - m 

where all terms refer to the Silastic tubing. An average K 

value of 0.4 was used and the equation was solved for km. 

This calculated value of km was compared to values given in 

the Modem Plastics Encyclopedia 1966^ and was found to be 

within the specified range. This, of course, is Just a 
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rough check, hut it does indicate that the K value is realis¬ 

tic. 

C. Heat Transfer Coefficients 

There were three series of runs made, each of which con¬ 

sisted of a number of daily experiments. The long term ap¬ 

proach helped to study the buildup of the biological film as 

some daily runs which did not give good data on the daily 

buildup, did contribute to the long term study. Figures (4) 

through (6) are plots of the series and daily runs. The dai¬ 

ly runs are separated by using empty and black circles to 

mark the points. The time axis is the time of the run from 

the start of the series. This time only includes the time 

when the system was filled with blood and pumping. Some 

large time gaps between daily experiments can be explained 

by the fact that experimental runs with blood were made with¬ 

out taking heat transfer data. The smaller gaps between daily 

runs are a result of the time required to heat the blood and 

get the temperatures and heat inputs balanced. 

Observation of the tubing of the system showed that the 

biological film builds up whether there is a heated wall or 

a relatively cool wall. It did appear, however, that the 

buildup was greater on the heated wall, but no measurements 

were made of this possible difference. Also, it appeared 

that the film built up much more on the Silastic than on 

the Tygon tubing. Although the manometer tubing was filled 

with blood, very little film buildup was noticed. This was 

probably due to the fact that the blood in the manometer 
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tubing was neither heated nor flowing. 

Figures (4) through (6) show that there is considerable 

variation in the h values in a number of daily runs. In 

some of the runs the variations seemed to be oscillations. 

These variations were caused mainly by the equipment and the 

extreme sensitivity of one part of the calculations. The 

blood temperature varied over a range of approximately two 

degrees Centigrade. The thermostat of the controlling water 

bath would not hold it any better. Whenever the water bath 

heater would cut in and out, the power going to the heating 

tapes would vary. Also, the outlet line voltage kept chang¬ 

ing during the day as other equipment in the lab cut in and 

out of the line. These fluctuations caused temperature and 

power input variations and Bince the system was not immedi¬ 

ately sensitive to the changes, the readings did not always 

reflect the situation in the system. 

Although these variations would not seem to be too bad 

to handle, a step in the calculations greatly magnified any 

error. By rearranging equation (3)> we get 

1/hA = (ATtotal/q) - K . (5) 

In the experimental system the resistance of the interface 

was very small as compared to the resistance of the rest of 

the system. In some cases, a ten per cent error in the term 

(AT^0^.al/q) would have approximately the same magnitude as 

the term 1/hA as the two terms on the right hand side of the 

equation were very nearly equal in value. One way to circum¬ 

vent this problem would be to design the system so that the 

system K would not be so much larger than the 1/hA term. It 
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was not until the biological film built up considerably that 

the oscillation settled down as one can see by comparing the 

daily experiments near the beginning and end of the series. 

The oscillation was still there but the 1/hA term had grown 

larger as compared to the K term and the error introduced by 

the equipment lost its former significance. 

Figures (4) through (6) show that there is an overall 

decrease of h with time. Since one would not expect the liq¬ 

uid film to change its properties so drastically during a 

run, nor would one expect to find that the blood used on suc¬ 

cessive days just happened to have smaller h's, the decrease 

in h is definitely a result of the growth of the biological 

film. The first and third series were terminated before 

there was any indication that the film was beginning to rip 

away from the wall. However, in the second series, which 

was longer than the other two, the film was ripping away 

from the wall and leaving an irregular surface. The series 

was then terminated because the data probably would not have 

had any value. 

The dotted lines in Figures (4) through (6) show the av¬ 

erage trend in the heat transfer coefficients. The dotted 

lines indicate that the growth of the film proceeded rather 

rapidly at first. The first and second series had higher in¬ 

itial growth rates than the third. In all three series the 

high initial growth rate leveled off and the growth then pro¬ 

ceeded at a steady and slower rate. In the first series, 

the growth rate became very low near the end of the series. 

In some of those daily runs where the oscillation does 
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not obscure the results, the same growth pattern is exhib¬ 

ited. Some of the daily runs near the beginning of a series 

show a rapid growth rate while most of those near the end of 

the run show a much slower rate of growth. 

One must bear in mind that the dotted lines do not rep¬ 

resent one continuous run, but the average trend of a number 

of daily runs. Because of variations discussed in the fol¬ 

lowing paragraph, a daily run does not begin where the pre¬ 

vious one ends. 

There are three main causes for the day to day varia¬ 

tions which are found in Figures (4) through (6). These 

variations referred to are those other than the gradual de¬ 

cline in h and the oscillations that occur during the daily 

experimental runs. For the entire first series and part of 

the second, the daily runs were made at different Reynold’s 

numbers and this, of course, gave different h’s. Most of 

the remaining runs were made at Reynolds numbers approxi¬ 

mating that of the aorta. Another cause of the variations 

was the cleaning of the system after every daily run. The 

cleaning water was run through the system at a much faster 

rate then the blood was pumped through. One would expect 

that this, in combination with the sterilization, would tend 

to wash away some of the biological film. Examination of 

Figures (4) through (6) shows that although the general down¬ 

ward trend of h continues, the beginning values of h for one 

day are often higher than the ending values of the previous 

day. This tends to show that there is less film left even 

though the blood has been in the system for at least l|- 
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hours building up more film before the first heat transfer 

readings are taken. The third cause of the variations is 

the differences in the blood used. Because of all the previ¬ 

ously discussed causes for variations, one cannot easily de¬ 

termine how much, if any, this factor affects the heat trans¬ 

fer coefficient. It may be that the factors which cause 

blood from different animals to be different may have no ap¬ 

preciable effect upon the heat transfer properties. It 

would take some carefully planned and controlled experiments 

to determine the extent of this factor. One thing that 

would probably be necessary would be to start with fresh tub¬ 

ing each day, but this approach would eliminate the study of 

the growth of the film over a series of runs. Studies made 

using blood of widely varying hematocrits should give some 

idea of the effect of the red cells on the transfer of heat. 

There was not enough hematocrit variation in the runs of 

this investigation to give any information about this effect. 

It would probably be necessary to spin down large quantities 

of blood to get the large hematocrit variations. 

In order to determine the heat transfer coefficient of 

the fluid film it is necessary to study the values which 

were determined shortly after a K determination was made. 

This minimizes the amount of film growth that occurs between 

the K determination and the h determination. Although the 

chart used to calculate the water h’s is for single phase 

fluids, it was felt that this method might give some reason¬ 

able results for blood. The major problem encountered was 

the extensive use the chart makes of the viscosity of the 
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liquid. The viscosity value of 2.46 cp. was used and the 

other properties were assumed to he those of water. Three 

calculations involving three different flow rates showed 

that the ratios of experimental value to calculated(chart) 

value ranged from .45 to .70. One must remember that the 

film had had at least l|- hours to build up before the heat 

transfer readings were taken. 

On a normal run, the temperature of the surface ranged 
. o 

from 1/2 to 1 C. above the temperature of the bulk flow. 

This temperature difference is across the liquid film. It 

was felt that the higher surface temperature may have been 

causing the biological film to build up more rapidly than it 

otherwise would have. It was decided to try using a higher 

surface temperature to see if the film would grow at a 

faster rate. Several runs were made with a surface tempera¬ 

ture ranging from 1.5 to 2.0°C. higher than the bulk flow 

temperature. However, these runs did not produce any con¬ 

crete results. Perhaps longer studies of this would produce 

better results. 

One of the advantages of determining the system K using 

the same methods and equipment used for the runs with blood 

is that the K value tends to absorb any errors which are 

made in every run. For this reason, the water runs were made 

exactly like the blood runs as much as possible. As an exam¬ 

ple, assume that one of the thermocouple readings is off by 

a fairly wide margin. As long as the reading is always off 

by the same margin it presents no great difficulty. The er¬ 

ror affects the (AT^0^a^/q) term in equation (5) in the 
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same manner that K was affected when it was determined. One 

can see that a constant error tends to cancel itself. 

D. Hemolysis Results 

During the experimental runs samples were taken from 

time to time to check the hemolysis level. Some runs were 

made just to check for differences in hemolysis rates and 

these runs were made without heating the wall in the heat 

transfer area. For this reason, hemolysis and heat transfer 

runs with the same number in the Appendix were not made at 

the same time. It would appear that the higher wall temper¬ 

atures did not affect the hemolysis rates as no significant 

differences in the rates with and without a heated wall 

could be found. 

The results of the hemolysis investigation can be found 

in the Appendix. Although the results were plotted to de¬ 

termine the hemolysis rates, the graphs are not shown due to 

the large number of runs that were made. It was decided 

that a table listing the hemolysis rates would give a clear¬ 

er picture than a lot of graphs or hundreds of points on 

just a few graphs. 

The hemolysis rate was shown to be greatly dependent 

upon the pump used. Although three pumps of the same type 

were used, each had a different hemolysis rate. The pumps 

were centrifugal and there would be two expected sources of 

hemolysis. One would be the red cells being crushed between 

the blades and the housing and the other would be the thrash¬ 

ing of the blood in the pump before it completed its 
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passage through the pump. One would assume that there would 

he an optimum hemolysis point as regards to pump clearances, 

flow rate, and internal pump volume. 

There were several factors that caused the hemolysis 

rates to vary from day to day. One of these factors was the 

differences in the "blood used as there are probably differ¬ 

ences in the amount of resistance to hemolysis. Another was 

the amount of contamination in the system. This definitely 

was a problem as even a small amount of infection could 

change the hemolysis rate. There were times when it was no¬ 

ticed that the hemolysis rates were becoming larger and an 

extra good system cleaning would cause the rate to drop, in¬ 

dicating that the infection was indeed a contributing fac¬ 

tor. This was never tested by conducting germ count experi¬ 

ments as this seemed to be beyond the scope of heat transfer 

studies. A third factor was the pumps. One of the pumps 

went bad after a number of runs and began to damage the red 

blood cells quite rapidly. It took several weeks to deter¬ 

mine that the pump was the cause of the trouble. This peri¬ 

od can be located in the results by the unusually high rates 

which were produced. These high rates were widely varying 

and one cannot be sure that the other pumps weren't doing 

the same thing on a smaller scale. Another factor was the 

bubbles that appeared in the system despite the pressure 

clamp. The amount of bubbles in the system varied quite 

widely from day to day and there seemed to be no way to con¬ 

trol this other then trapping them in the Y branch. These 

bubbles will cause hemolysis. The uncertainty caused by 
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these factors made it hard to interpret some of the results. 

It was desired to study the differences in hemolysis 

rates due to such factos as turbulence, pump rotor rates, 

and temperature. The method used was to vary one of these 

factors at a time with one setting one day and another the 

next day. However the results were distorted by the factors 

discussed in the previous paragraph. Any significant 

changes were masked by the uncontrolled variations. 

There are several ways to overcome the undesirable var¬ 

iations. One could use the same blood several days in a row 

by either obtaining enough blood from one cow or by mixing 

blood from different cows. The first approach was used a 

few times when such blood was available. The second ap¬ 

proach was never used because of the problems associated 

with the exact mixing of the blood. A third approach, which 

was most often used, was to change the settings in the mid¬ 

dle of a run. Because it took time for the system to react 

to the change, the transition point was often not very clear. 

This was especially true of the temperature changes. 

No definite relationship could be found between the 

flow rate, or turbulence, and the hemolysis rate. The pump 

rotor rate, however, did affect the hemolysis rate. As ex¬ 

pected, the faster the impeller turned, the greater the he¬ 

molysis rate. The effect of the rotor rate was great enough 

to make one suspect that still another variation should be 

added to those discussed previously. The pump was generally 

left on one rheostat setting, and since the voltage varied, 

the impeller rate also varied thereby introducing another 
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cause for variation in the hemolysis rate. The temperature 

changes were made in both directions, starting cool and then 

heating up in the middle of the run and vice versa. These 

runs showed that a higher temperature generally produces a 

higher hemolysis rate, but some runs showed no difference 

and others showed just the opposite. When the blood changes 

temperature, there is a thermal shock which produces a cer¬ 

tain amount of hemolysis. This sudden jump in the hemolysis 

level coupled with an uncertain transition point tended to 

complicate the results. Some samples of the original blood 

were taken, sealed, and half were placed in the warm water 

bath and the other half were kept at room temperature. The 

results showed that the high temperature alone did not cause 

much hemolysis. The high temperature samples almost always 

had higher hemolysis levels. 

The experimental errors made in determining the hemoly¬ 

sis levels came mostly in the samples with very high optical 

densities. The calibration for the reagent had not been ex¬ 

tended to such high levels. These samples could have been 

diluted to get a more accurate measure but the blood was so 

badly damaged that it did not seem that the data would be 

very significant. For those samples with reasonable hemoly¬ 

sis levels, the check performed on two samples from each run 

showed that the results were within 10# of the values deter¬ 

mined by the more accurate checking method. 

E. Clotting Time Results 

Since clotting accounted for part of the growth of the 
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biological film, it was decided to make tests to discover 

the effect of the experimental run upon the clotting time of 

the blood. It was found that the clotting time dropped ab¬ 

ruptly after the start of the run and then continued to de¬ 

cline more slowly. In some runs, the clotting time showed a 

slight increase near the end of the run and then continued 

to decrease. One cannot be sure if the rise was due to ex¬ 

perimental error or some property of the blood. In none of 

the runs, however, did the rise approach the initial value. 

The spread of clotting time values made it necessary to 

use an average. Some of the possible sources of error were 

the distractions caused by the other experiments being car¬ 

ried on at the same time, the age of the blood, the small 

volumes used, or a combination of these factors. Some of the 

samples never did clot and others took such a long time that 

they were disregarded completely. 

P. Conclusions 

1. The biological film which forms at the blood-Silastic 

interface significantly impedes the flow of heat from the 

Silastic to the blood. 

2. The growth of the film is reflected in the changing heat 

transfer coefficient of the interface. 

3. The growth of the film proceeds rather rapidly at first 

and then settles down to a slower and steadier growth rate. 

4. With the centrifugal pumps used, the greater the speed 

of the impeller, the higher the hemolysis rate. 
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5. No definite relationship could "be found between the flow 

rate, or turbulence, and the hemolysis rate up to a Reynolds 

number of approximately 6000. 

6. Higher temperatures generally produced higher hemolysis 

rates. 

7. The clotting time of the blood dropped abruptly at the 

beginning of an experimental run and then continued to de¬ 

cline more slowly. 
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APPENDIX 

The appendix contains the more meaningful data and 

results of the experiments. For a complete record of the 

data and results, one should consult the laboratory records 

of the Bio-Medical Engineering Lab. The appendix also 

contains the details of conducting the experiments and 

tests. 
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A. Heat Transfer Coefficient Results 

Run 

Elapsed 
time 

in min. 
q in 
watt 3 

AT in 
°C. 

Flow rate 
in l./min. 

h in Btu/ 
(hr.) (sq.ft.) (°F.) 

Beginning of the first series 

7 

90 12.10 10.65 4.26 122 
109 12.05 10.35 145 
160 11.50 10.10 122 
180 11.55 10.10 129 
200 11.50 10.10 124 
250 11.47 9.95 134 
310 11.75 10.15 142 

75 11.10 9.50 5.68 158 
134 11.25 9.65 162 
165 11.20 10.10 95 
200 11.28 10.05 102 
230 11.35 10.30 94 

103 11.10 10.10 2.56 94 
138 11.20 10.10 99 
178 11.35 9.85 134 
193 11.10 9.95 104 
223 11.10 9.90 116 
253 11.05 10.10 87 

285 9.48 7.90 3.75 170 
305 9.60 9.05 71 
335 9.58 9.03 71 
375 9.52 8.68 85 
4oo 9.75 9.03 78 

l4o 8.03 9.02 4.28 36 
190 7.93 8.80 37 
225 7.90 8.82 36 
260 7.90 8.67 38 
285 7.90 8.4o 43 
300 7.90 8.20 47 

100 9.00 9.30 5.68 47 
120 9.00 9.67 4l 
150 9.02 9.43 45 
190 9.04 9.53 44 
235 9.08 10.4o 34 
280 9.05 9.30 48 
310 9.10 9.07 55 

170 9.75 9.92 3.19 50 
195 9.55 10.09 44 
215 9.55 10.57 37 
235 9.60 10.67 37 
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Elapsed 
A 

time q in AT in Plow rate h in Btu/ 
Run in min. watts °C. in l./min. (hr.)(sq.ft. 

8 185 9.60 10.05 5.23 45 
215 9.65 10.65 38 
270 9.80 9.85 53 
290 9.60 9.87 48 

9 125 9.40 10.72 1.86 34 
165 9.51 10.85 34 
183 9.37 10.69 34 
210 9.35 io.4o 37 
260 9.40 10.77 34 

10 95 9.79 10.37 6.09 43 
125 9*78 10.67 39 
155 9.60 10.32 4l 
200 8.91 10.68 1.19 29 
235 8.63 10.00 32 
260 8.70 9.95 34 
290 8.85 10.33 32 

Beginning of the second series 

11 115 12.00 io.4o 5.23 193 
135 12.00 9.43 1091 
160 12.00 9.60 6352 
190 12.35 10.37 317 
250 9.30 8.28 .80 143 
265 9.30 8.38 128 
280 9.30 8.93 81 
295 9.30 9.00 78 

12 80 11.40 9.33 3.75 147 
105 11.30 8.95 208 
135 11.13 8.97 171 
170 11.20 8.92 195 
195 11.20 9.20 142 
225 11.40 9.15 178 
255 11.55 9.23 163 

13 115 12.65 9.98 4.26 219 
145 12.50 9.58 351 
165 12.60 9.95 217 
210 11.37 9.45 2.56 129 
235 11.50 8.82 345 
255 11.4o 8.95 234 
275 11.43 9.05 209 
300 ii.4o 9.28 154 
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Elapsed n" time q in AT in Flow rate h in ] 
Run in min. watts °c. in l./min. (hr.)(sq 

14 110 11.35 9.43 2.56 129 
150 11.20 9.32 127 
190 11.42 9.80 102 
210 11.18 9.98 80 
255 11.25 10.72 59 
285 11.45 11.00 57 
300 11.30 11.00 54 

15 100 12.80 9.77 2.24 381 
135 11.70 10.20 92 
165 11.95 9.58 156 
185 12.02 10.05 121 
200 12.07 9.65 186 

16 110 11.10 9.98 2.24 77 
160 10.90 9.17 117 
175 10.90 9.67 83 
190 10.90 9.20 114 
200 11.00 9.62 90 

17 90 11.20 9.77 2.24 92 
105 11.30 9.87 §1 
115 11.25 9.97 84 
135 11.07 10.48 60 
165 11.10 10.39 63 

18 90 12.00 10.63 2.24 84 
100 12.15 10.49 98 
125 12.20 11.13 72 
140 12.33 11.49 65 
155 12.49 10.67 105 
170 12.48 11.00 86 
185 12.30 11.75 58 
205 10.99 10.43 60 
230 10.98 10.25 64 
245 11.00 10.05 71 
260 11.01 10.55 57 
275 11.03 10.53 58 
290 11.48 10.30 80 

19 95 10.70 8.25 2.24 311 
115 10.50 9.03 100 
135 10.53 9.15 94 
190 10.50 9.00 103 
205 10.52 9.05 100 

20 85 11.02 8.68 2.24 223 
110 11.00 9.44 102 
120 11.00 9.52 96 
190 10.80 9.55 85 
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Elapsed 
A ’ 

time q in AT in Flow rate h in Btu/ 
Run in min. watts °c. in l./min. (hr.)(sq.ft. 

21 115 11.50 10.57 2.24 69 
145 11.45 10.19 82 
ISO 11.47 10.15 84 
210 11.55 10.68 67 
225 11.60 10.95 6l 
250 11.65 11.00 61 
270 11.53 10.55 71 

22 85 9.97 9.10 2.24 71 
125 9.80 9.40 57 
205 9.80 10.15 43 
225 9.51 10.07 40 
245 9.62 10.15 40 
270 9.87 9.92 47 
290 9.60 9.67 47 

Beginning of the third series 

23 115 9.65 9.93 2.24 82 
i4o 9.96 9.49 158 
155 9.94 9.72 124 
180 9.75 9.95 87 
195 9.95 9.06 108 

24 135 9.45 8.79 2.24 217 
185 9.50 8.90 195 
225 9.02 8.50 181 
235 8.95 8.87 108 
250 8.93 9.00 95 
280 8.98 9.05 95 
295 8.90 9.00 93 
305 8.95 9.17 85 

25 105 10.93 9.90 2.24 360 
125 11.00 10.20 227 
150 11.00 10.43 167 
170 11.00 10.88 110 
205 10.92 10.95 104 

2 6 105 18.55 18.67 2.24 96 
125 18.80 18.45 118 
160 18.63 18.22 121 
180 18.60 18.09 127 
205 18.93 18.43 126 
225 18.85 18.43 121 
255 18.50 18.32 109 
275 18.50 18.32 109 
300 18.58 18.31 113 
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Elapsed 
time q in 

Hun in min. watts 

27 140 10.31 
180 10.51 
210 10.43 
245 10.33 
260 10.22 

28 125 11.02 
150 11.02 
180 11.00 
200 11.00 
215 11.00 
240 11.07 

29 155 11.00 
175 11.00 
225 10.95 
240 11.00 
255 10.98 
280 10.65 
290 10.80 

30 130 24.00 
200 25.40 
230 25.55 
300 25.10 
325 25.00 

T in Flow rate 
C. in l./min. 

9.88 2.24 
9.95 

10.37 
10.20 
10.10 

9.87 2.24 
10.45 
10.68 
10.48 
10.50 
10.57 

9.77 2.24 
10.70 
10.22 
10.10 
10.15 
10.19 
10.20 

23.51 2.24 
24.32 
23.50 
23.53 
23.30 

h in Btu/ 
(hr.) (sq.ft.) (°F.) 

148 
170 
105 
111 
111 

140 
89 

7 

86 

151 
77 

100 
113 
107 
85 
92 

111 
97 

101 
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A 

B. Hemolysis Results 

For runs (1) through (l6) the average system volume was 
8l6 ml. 
For runs (17) through (55) the average system volume was 
794 ml. 

Unless otherwise stated, the temperature of the blood was 
body temperature, 37 C. 

Flow rate Elapsed Hemoglobin Hemolysis 
in time in mg./ rate in mg./ 

Run Hematocrit l./min. in min. 100 ml. 100 ml./min. 

1 42.500 4.28 0 11 
30 17 
60 29 
90 36 

120 44 .26 

2 34.000 2.56 0 12 
20 18 
55 20 
85 25 

in • 

3 32.000 3.75 0 9 
35 82 
75 94 

118 113 
160 127 
190 146 
220 152 .37 

4 32.000 3.19 0 11 
35 40 

100 79 
i4o 93 
185 111 .4o 

5 37.500 5.68 0 3 
4o 22 
80 35 

115 45 
160 61 
190 72 .34 

6 35.166 6.86 13 35 
48 55 

121 77 
150 80 
188 88 .30 
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Run Hematocrit 

7 40.000 

8 35.000 

9 28.833 

10 28.500 

11 35.500 

12 39.000 

13 34.666 

Plow rate Elapsed Hemoglobin Hemolysis 
in time in mg./ rate in mg./ 

l./min. in min. 100 ml. 100 ml./min. 

4.26 0 5 
50 24 

100 39 
145 59 
190 76 
250 114 
310 153 .36 

5.68 10 30 
65 4l 

110 53 
155 6 9 
200 79 
230 87 .26 

2.56 0 8 
13 22 
73 34 

133 60 
178 80 
223 103 
253 117 .43 

3.75 15. 39 
80 72 

185 129 
260 174 
335 210 
410 246 .53 

4.28 0 13 
30 25 
9° 54 

180 103 
240 137 
300 176 • 52 

5.68 0 12 
4o 28 

100 44 
160 68 
220 97 
280 116 
310 126 .36 

3.19 0 15 
30 35 

115 62 
175 79 
235 98 .30 
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Plow rate Elapsed Hemoglobin Hemolysis 
in time in mg./ rate in mg./ 

Hun Hematocrit l./min. in min. 100 ml. 100 ml./min. 

14 31.000 5.23 0 9 
105 50 
170 75 
230 99 
290 129 .39 

15 36.000 1.86 20 38 
80 75 

i4o 102 
200 127 
260 160 .43 

16 41.000 6.09 0 43 
20 65 
65 92 

' 110 112 
155 129 .60 

1.19 200 147 
245 172 
290 197 .39 

17 39.000 5.23 25 84 
70 128 

115 188 
160 230 1.00 O

 
C

O
 • 205 277 

250 3i4 
265 360 
295 372 1.05 

18 38.000 3.75 0 11 
20 62 

Blood temperature was 27°C. 40 87 
55 106 

1° 117 
85 127 

100 135 
115 143 .55 

19 38.000 3.75 0 11 
15 24 

The pump rheostat setting 45 58 
was 90/100 for 0- 135 min. 75 90 

105 ].25 
The pump rheostat setting 135 161 1.14 
was 70/100 for 135-255 min. 165 196 

195 223 
225 259 
255 278 .91 
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Flow rate Elapsed Hemoglobin Hemolysis 
in time in mg./ rate in mg./ 

Run Hematocrit l./min. in min. 100 ml. 100 ml./min. 

20 35.500 4.26 0 18 
30 80 
75 112 

115 150 
165 178 • 72 

2.56 210 204 
255 243 
300 282 .85 

21 39.500 3.19 0 9 
20 95 

Blood temperature was 19 C. 55 157 
100 239 
145 303 
175 334 
205 371 1.14 

22 35.000 2.56 • 0 12 
30 67 

The pump rheostat setting 85 120 
was 100/100 for 0-180 min. 135 169 

180 2l4 .98 
The pump rheostat setting 225 247 
was 70/100 for 180-300 min. 270 281 

300 296 .65 

23 34.500 2.24 20 79 
65 136 

110 177 
155 218 
200 258 .90 

24 35.000 2.24 0 19 
20 65 
65 122 

110 172 
155 226 
200 298 1.20 

25 39.000 2.24 10 147 
45 199 
90 256 

135 320 
165 353 1.29 
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Plow rate Elapsed 
in time 

Run Hematocrit l./min. in min. 

Hemoglobin Hemolysis 
in mg./ rate in mg./ 
100 ml. 100 ml./min. 

26 35.000 2.24 

Blood temperature was 37°C. 
for 0-145 min. 

Blood temperature waB 25°G. 
for 145-295 min. 

10 58 
55 130 
100 197 
145 259 1.43 
200 335 
250 402 
295 456 1.27 

27 35.000 2.24 

28 35-000 2.24 

Blood temperature was 20°C. 
for 0-155 min. 

Blood temperature was 38°C. 
for 155-320 min. 

29 30.000 2.24 

30 29.000 2.24 

o 
Blood temperature was 37 C. 
for 0-110 min. 

Blood temperature was 27°C. 
for 110-230 min. 

0 8 
35 32 
80 74 
125 124 
170 191 
215 233 
260 289 
290 337 1.19 

0 23 
20 40 
65 63 
110 95 
155 123 .66 
200 136 
245 
290 

157 
178 

320 185 .41 

0 7 
30 23 
75 45 
120 62 
165 79 

.44 210 103 

0 6 
20 21 
50 42 
80 58 
110 75 .55 
i4o 90 
170 109 
200 116 
230 136 .50 
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Flow rate Elapsed Hemoglobin Hemolysis 
in time in mg./ rate in mg./ 

Hun Hematocrit l./min. in min. 100 ml. 100 ml./min. 

31 32.000 2.24 0 9 
Q 15 22 

Blood temperature was 22 C. 100 73 
.62 for 0-130 min. 130 94 

O 160 116 
Blood temperature was 38 C. 180 124 
for 130-220 min. 200 116 

220 136 .52 

32 36.000 2.24 0 8 
25 36 
85 7 6 

145 115 
.66 205 146 

33 37.000 2.24 30 53 
90 98 

150 162 
210 254 The rate was 
270 352 not constant. 

34 38.500 2.24 0 12 
25 50 

Blood temperature was 21°C. 55 92 
for 0-135 min. 135 185 1.22 

165 237 
Blood temperature was 37°C. 180 264 
for 135-275 min. 195 277 

225 317 
255 356 
275 383 1.32 

35 42.000 2.24 0 6 
3° 47 
85 118 

125 178 
200 299 
245 
290 

365 
427 1.37 

36 38.500 2.24 15 69 
60 93 

120 118 
165 145 

.46 195 151 
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Plow rate Elapsed Hemoglobin Hemolysis 
in time in mg./ rate in mg./ 

Run Hematocrit l./min. In min. 100 ml. 100 ml./min. 

37 41.500 2.24 25 39 
70 80 

130 133 
190 168 
250 237 
305 422 .88 

38 40.500 2.24 15 84 
60 212 

105 316 2.58 

39 31.500 2.24 0 9 
45 99 
90 190 

335 263 
l8o 
225 

367 
431 1.99 

4o 41.500 2.24 15 102 
6o 255 3.38 

41 4o.ooo 2.24 10 72 
25 l43 
45. 214 
70 312 3.76 

42 41.500 2.24 10 
25 

145 
244 

45 348 5.80 

43 37.000 2.24 10 43 
4o 71 
95 126 

150 184 
215 263 . 1.01 

44 32.500 2.24 0 11 
20 36 
80 76 

l4o 119 
200 169 
260 217 The rate was 
290 255 not constant. 

45 32.500 2.24 0 7 
20 33 
65 75 

135 169 The rate was 
205 338 not constant. 
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Flow rate Elapsed Hemoglobin Hemolysis 
in time in mg./ rate in mg 

Run Hematocrit l./min. in min. 100 ml. 100 ml./mil 

46 38.500 2.24 0 6 
10 51 

Blood temperature was 25°C. 25 96 
for 0-55 min. 40 134 

0 55 187 3.30 
Blood temperature was 3o C. 75 262 
for 55-120 min. 90 327 

105 393 4.36 

47 37.500 2.24 0 9 
95 218 2.20 

48 40.500 2.24 0 11 
15 75 4.24 

49 39.500 2.24 0 9 
O 10 68 

Blood temperature was 23 C. 20 127 
for 0-45 min. 3° 186 

& 45 272 5.84 
Blood temperature was 37 C. 60 372 
for 45-80 min. 1° 398 

80 435 3.00 

50 39.166 2.24 0 11 
10 54 
4o 144 

51 37.000 2.24 0 8.0 
10 34.1 

Blood temperature was 23°C. 25 32.4 
for 0-70 min. 4o 33.9 

was 38°C. 
56 34.6 

Blood temperature 70 35.4 .071 
for 70-160 min. 100 35.1 

115 42.8 
130 43.1 
147 44.3 
160 48.9 .080 

52 37.000 2.24 0 5.5 
26 37.8 
55 43.3 
85 46.4 

170 61.4: .16 
6.09 200 69.7 

230 74.9 
265 77.3 
300 85.2 
325 91.0 .15 
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Plow rate Elapsed Hemoglobin Hemolysis 
in time in mg./ rate in mg./ 

Run Hematocrit l./min. in min. 100 ml. 100 ml./min. 

53 35.000 6.09 0 8 
25 37 
55 40 

160 93 .51 
1.19 190 99 

220 108 
250 125 
280 136 .41 

54 35.500 2.24 0 9 
30 20 
90 26 

270 57 
300 60 .15 

55 37.000 2.24 10 24 
4o 38 

The pump rheostat setting 6o 4l 
was 120/140 for 0-70 min. 1° 50 .43 

1.54 85 49 
100 48 

The pump rheostat setting 
80/1.40 for 70-275 min. 

260 71 
was 275 71 .14 

The clamp remained the same 
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D . Results of the Clotting Time Experiments 

Elapsed time Average clotti: 
Run in min. in min 

1 0 7.7° 
200 4.80 

2 0 7.25 
65 4.80 

300 5.43 

3 0 8.27 
40 3.81 

165 3.45 
225 3.38 
270 3.35 

4 0 9.85 
15 6.05 

170 3.70 
240 4.17 
285 5.12 
315 4.13 

5 0 8.11 
30 5.51 
90 4.14 

270 4.50 
300 4.12 
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FIGURE 7 MANOMETER CALIBRATION CURVE FOR WATER AT 37°C 
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F. Procedure for Preparing and Cleaning the System 

After the system had been cleaned at the end of a run, 

it was filled with a solution of Zephiran Chloride to steri¬ 

lize it. The pump was usually run for approximately 15 min. 

before being turned off and the system left sitting over¬ 

night. At times, the pump was left running overnight. 

There was no apparent difference in hemolysis rates due to 

the different pumping times used. 

At the start of a run, the Zephiran Chloride solution 

was drained from the system. The system was then washed 

with hot tap water for about fifteen minutes. This was done 

to remove the Zephiran Chloride solution which would cause 

hemolysis if any was left in the system. Hot water was used 

because it was more sterile than the cold tap water. Tap 

water had to be used because of the large amount of wash 

water needed to do the job. 

The volume of the system was then measured by draining 

water from the non-flow parts of the system while the 

washing was taking place and then stopping the wash and 

draining the remaining water into a bucket or beaker and 

then measuring this in a one liter graduated cylinder. This 

volume varied from day to day because of air that got into 

the system and the friction fittings and flexible tubing 

that were never in the exact same position every day. For 

this reason, a number of volume measurements were taken and 

an average used as the system volume. 

The system was then filled with an isotonic sterile 

saline solution which was pumped around for approximately 
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fifteen min. The saline solution came in 1000 ml. bottles 

and was introduced into the system through the filling port 

by using a Venopak. The saline solution was used to purge 

the system of tap water because the tap water is not iso¬ 

tonic to the blood and would cause the red blood cells to 

swell. The ..85$ saline solution did not cause unbalanced 

osmotic pressures which would cause the cells to swell. 

The system was then drained of the saline and filled 

with blood through the filling port using either a Venoset 

or a Pliapak Utility Set. A sample of the original blood 

was taken to obtain a hematocrit reading. The hematocrit 

was obtained by filling a capillary tube with the blood and 

centrifuging for 12 min. at 13,500 rpm. The volume per cent 

of red blood cells was then measured. A sample of blood 

from each bag(two were needed to fill the system), was taken 

and spun down to be sure that the blood was not badly dam¬ 

aged before putting it into the system. 

The antifoamer was sprayed into the manometer legs 

before the blood reached the taps. The blood was then al¬ 

lowed to fill the flow system and part of the manometer 

legs. The loops were then tied down in the water bath and 

the pressure drop section of the manometer was tied down and 

checked to be sure that it was level. The pressure clamp 

was then applied and the pump started. The clamp was then 

adjusted to reach the desired flow rate, which was reflected 

in the height difference between the fluid levels in the 

manometer legs. The blood was then allowed to fill almost 

to the top of the manometer legs to provide a large 
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reservoir. 

The water bath and the stirrer were then turned on to 

the desired position. If heat transfer data was to be taken 

that day, the two heating tapes were turned on and the watt¬ 

meter connected. 

Samples were taken to determine the course and extent 

of the hemolysis during the run. The original sample was 

usually taken from the bag, but if some hemolysis had taken 

place in the bag, the initial sample was taken as soon as 

it seemed that the blood in the system had mixed completely. 

After the temperatures and heat flow rates had stabilized, 

readings were taken periodically to determine the heat 

transfer coefficient. In some runs the temperature of the 

blood was varied by adjusting the water bath. In the runs 

where the flow rate was changed, the pressure clamp was 

used to adjust the flow rate, unless otherwise stated. 

After the run, the blood was washed out with cold tap 

water. Then the whole process of cleaning was repeated. 

For the manometer calibrations, the rotameter was 

added to the system and the rest of the procedure carried 

out. For the water runs, the same procedure was followed 

as regards to sterilization and cleaning after the run. 
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G. Test for Hemoglobin 

Cyanmethemoglobin Method for Plasma Hemoglobin 

Preliminaries: Allow "Spectronic 20" to warm 20 min. 

before use. Each day before use, eject 10 ml. from the 

automatic dispenser. 

1. Sample size should be 6 ml. of blood. 

2. Centrifuge for 15 min. at a rheostat setting of 80 with 

a low speed centrifuge. Separate the plasma and 

recentrifuge. Separate the plasma for analysis. 

3. Pipet 2 ml. of the plasma into a test tube with a 

volumetric pipet only. 

4. Add 1 ml. of cyanmethemoglobin reagent with the automat¬ 

ic dispenser 

5. Invert it three times. 

6. Let it stand for 20 min. 

7. Read the optical density at 540 ryi on the "Spectronic 

20". Use distilled water to set the zero. 

8. A conversion factor will be provided with each bottle of 

reagent such that when this factor is multiplied by 

the optical density, the product will be the hemoglo¬ 

bin concentration in mg./lOG ml. of plasma. 

9. Keep two samples from each run for data confirmation. 

The data confirmation consists of a more accurate 

reading of the optical density. 
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H. Procedure for the Plasma Clotting Time Tests 

A modified version of the test obtained from laboratory 
7 

Methods in Blood Coagulation1 was used. 

Plasma is clotted by the addition of calcium. The 

plasma clotting time varies with the platelet count of the 

plasma, the concentration of plasma clotting factors, and 

the time of storage in glass. 

1. Obtain platelet-poor plasma by centrifuging the blood 

samples at 2,500 rpm for 30 min. in a 10 x l£ cm. 

siliconized test tube. 

2. Add .2 ml. of the plasma to a siliconized test tube and 

place in the heating block for 1 min. at 37^C. 

3. Recalcify by the addition of .1 ml. of .025M calcium 

chloride, start the timer immediately, and replace 

the tube in the heating block. Remove and gently 

tilt the tube every 30 sec. and time clot formation. 

The plasma clotting time varies with the platelet count 

of the sample. A platelet-rich plasma will clot in a short¬ 

er time than a sample which has a low platelet count. For 

this reason, the test should be standardized by using high¬ 

speed-spun platelet poor plasma. This is done by centri¬ 

fuging the same length of time. 

The plasma was removed from the first test tube to 

another by the use of a siliconized pipet. The pipets used 

to measure the .2 ml. of plasma were not siliconized. The 

siliconized glassware was used because storage in glass 

shortens the clotting time. The glassware was siliconized 

by using Silielad, a product of Clay-Adams, Inc. 


