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Liquid Cooling of Power Thyristors

FOREST B. GOLDEN, MEMBER, IEEE

Abstract-A method of determining a given heat exchanger's
thermal properties from the characteristics of the cooling medium is
discussed. A test method is presented with an example which helps
to clarify the results. It is concluded from running tests using three
to four different liquids that heat exchanger thermal performance
data can be derived for liquids having a wide range of liquid proper-
ties.

INTRODUCTION

INCREASINGLY, designers are turning to liquid
cooling to solve the heat-transfer problems associated

with high-power thyristors. Frequently, the coolant se-
lected is one other than water due to a number of reasons,
such as the freezing limitation of water. When a liquid other
than water is chosen, the designer is faced with the prob-
lem of estimating a given heat-sink's performance. This
problem arises from the current manufacturer's practice
of rating commercially available heat-sink performance
only in terms of water as the liquid medium. Performance
differs markedly when liquids other than water are used.

Previous writers have given formulas for heat-transfer
properties of heat sinks used in high-power thyristor
equipment [1]. However, the formulas suffer from de-
ficiencies when viewed from the perspective of the equip-
ment designer. First, they are only useful for heat sinks
employing a particular liquid flow passageway such as a
tube. Second, the formulas yield a heat-transfer coefficient
in terms of Btu/(ft2. h °F) for the liquid interface only.
The equipment designer needs a relationship which will
yield thermal resistance R0 in °C/W for liquid to sink.
The third, and most fundamental area, is one of perspec-
tive. One feels existing formulas are given to aid the heat-
sink designer. A vacuum exists concerning the establish-
ment of a mathematical or graphical relationship for a
given completed heat-sink design that would be useful to
the heat-sink user-the solid-state equipment designer.
It is the equipment designer who must apply the sink to a
specific requirement with regard to thermal resistance,
liquid selection, liquid flow rate, pressure drop, etc. The
purpose of this paper then is to report on a method de-
veloped by the author that overcomes these three his-
torical limitations.

METHOD

To illustrate both the problem with which one is faced,
and the solution chosen by the author, a particular heat
sink has been chosen as being representative of the kind
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Fig. l. Cross sections showing liquid passages of G6 heat sink.

now found in the industry. Cross sections of the liquid
flow passages are shown in Fig. 1. The passageways are
indicated by the white areas.
The first decision to be made was one of basic approach

to the problem, i.e., analytical versus empirical. The latter
was taken for the following reasons. The literature [2], [3]
abounds with formulas for calculating liquid-film, heat-
transfer coefficients as a function of Reynolds and Prandtl
numbers, the thermal conductivity of the liquid, and the
physical dimensions of the particular geometry, i.e., tube,
cylinder, wall, etc. However, with the geometry of this
exchanger (and others) having odd-shaped passageways
coupled with nonuniform entrance and exit flow passages,
formulas, while adequate, require information not gen-
erally available and not easily obtained. Specifically, the
liquid velocity distribution is unknown due to uneven path
lengths for liquid flowing in the center of the sink. This is
shown in Fig. 1 by the side cross-sectional view and for
liquid flowing either near the top or bottom of the sink.
Couple that problem with the unknown but very critical
question of type of liquid flow that is occurring, i.e.,
laminar or turbulent, and one can see how problems
multiply. For liquid flowing in a smooth pipe, the break
point between laminar and turbulent flow is well known.
It lies between a Reynolds number of 2100 and 3000. It
varies by an order of magnitude for other geometries and
is not readily available. It is obtained by experimental
means for sinks having irregular geometries such as that
shown by Fig. 1. Since turbulence enhances the heat-
transfer coefficient by a factor of 2/1, it is extremely im-
portant. Still another important consideration is the com-

ponent of thermal resistance due to the copper as opposed
to the liquid film. The effective copper path varies with
the film resistance, for, as the liquid-film thermal resistance
increases, the copper sink surface in contact with the
liquid will approach a more uniform temperature distribu-
tion. It follows that the effective thermal path through the
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copper to the case-sink interface surface will change.
This complicates the calculation. Due to the preceding
reasons, plus the need for tests to establish the validity of
formulas should a mathematical technique be used, it was
decided to use correlated test data. By this method, a

mathematical relationship was established; the reliance
on an analysis based on sink geometry was precluded.

If correlated data are used, the test points must be
chosen with some care in order to satisfy the derived rela-
tionship for the liquid characteristics in the range of
application interest. From dimensional analysis, Kraus [41
shows that

hD _ M pVDV /C A1-c

k \A \k
(1)

This equation, known as the Nusselt equation, relates the
Nusselt number (hD/k) to the product of the Reynolds
numbers DV(p/,u) and the Prandtl number (Cp,/k). The
preceding variables are defined in Appendix I. The Nusselt
number is a liquid-film heat-transfer grouping, while the
Reynolds and Prandtl numbers are, respectively, fluid
flow and fluid thermal property groupings.

It is apparent from Fig. 2 that the total thermal drop R0,
for the heat sink is composed of two variables consisting
of the relatively fixed copper path and the highly variable
film interface. The copper component can be approxi-
mated as a fixed value, while the film interface value is
inversely proportional to h. From the Nusselt equation,

1 1
(2)

h M/Dk (Rey)aPRl-c

CASE-SINK
SURFACE

(EQUIVALENT COPPER
ROCU THERMAL R )

CU- LIQUID
SURFACE

INTERFACE

RL (LIQUID FILM INTERFACE
e THERMAL R )

LIQUID E

Fig. 2. Equivalent thermal resistance path for liquid-cooled sink
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Fig. 3. Liquid properties versus temperature.

Letting D/M = B, such that B incorporates the conver-

sion constant needed to convert 1/h to °C/W, and drop-
ping from both sides of the equation the units of feet, then
(1) yields

R'l B

@ k(Rey)aPR'-'

and sink thermal resistance can be expressed as

R0 = RocU + Rol.

(3)

(4)

Focusing attention on the variables of the R0' term, it
is apparent that the thermal resistance is inversely propor-

tional to the product of three factors: 1) the liquid thermal
conductivity k; 2) the Reynolds number, which in turn
is proportional to the ratio of p/ju times VD, which are,

respectively, a liquid property and a fluid velocity factor
proportional to gal/min; and 3) the Prandtl number, which
consists entirely of liquid properties. To be sure of obtain-
ing the proper correlation, the pertinent liquid variables
were reconciled by testing the heat-sink performance using
four liquids having a wide spread in characteristics. The
four liquids chosen are shown in Fig. 3. In order to further
expand the range of usefulness, the liquid-film temperature
was controlled and ranged from 70°F to above 1600F.

Table I illustrates the range of the two other pertinent
fluid variables used for test purposes. The cube root of the

TABLE I
PROPERTIES OF TEST FLUIDS

(pr)1/3
Liquid k (Dimen-

(Temperature Range is 50-200'F) (Btu/ft* h °F) sionless)

Water 0.347-0.392 2.1-1.24
Ethylene-glycol, water 60 wt % 0.222-0.215 3.9-2.05
Ethylene-glycol, 100 wt % 0.178-0.132 6.5-3.05
Mineral oil Mobiltherm 600® 0.070-0.065 16.7-4.65

® Registered trademark of Mobil Research & Development Corporation, New
York, N.Y.

Prandtl number is shown on the assumption that (3) is a
linear straight-line logarithmic function and therefore can
be defined by fixing any one of the three variables and
deriving the remaining two. Customarily, the Prandtl
number exponent is set equal to 1/3.

DESCRIPTION OF TEST METHOD

A. Power Measurement

Thermal power was supplied by an electric hot plate
operating at approximately 375°F. Heat was transferred
from this hot plate through a calibrated copper thermal
shunt. The thermal shunt used six thermocouples in three
planes to ensure accurate measurement of temperature
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drop. The shunt was calibrated by measuring the tem-
perature rise of water through the heat exchanger for very
low water flow rates such that the temperature differential
of inlet-outlet water was substantial. In order to calibrate
the water flow rate the bucket method of measurement was
used. The calibrated value differed from the calculated by
10 percent. The average of the calculated and calibrated
values was 9.5 W/°C, and this value was used. This value
was high enough to yield large differences in shunt tem-
perature readings, typically in the order of 25°C. The
shunt contacted the sink with a 1-in diameter surface.
Sink temperatures were monitored by the use of two
thermocouple probes: one placed near the center of the
interface surface, and the other close to the outer edge of
the interface. This use of thermocouples turned out to be
significant as there was a marked differential in tempera-
ture across the interface. Had only a single thermocouple
been used, depending on its physical placement, it could
have resulted in either ultra conservative or highly opti-
mistic results. Again, the average of the two readings were
used. The reason for the difference in temperatures can be
seen from a glance at Fig. 1. The center of the sink has a
longer thermal path through the copper from film to case-
sink surface than the outer periphery, thus producing a
nonuniform temperature gradient across the case-sink
interface surface.

B. Liquid Handling

The main problem to be solved is that of providing a
means of accurately measuring the liquid flow in a closed-
loop system for liquids having widely different viscosities.
The approach used was to use a constant-volume variable-
speed pump and allow it to do double duty, that is, per-
form the pumping function while at the same time meter
the liquid flow rate. A Randolph Model 610 pump was
used for this purpose. However, this introduced the addi-
tional problem of pressure and consequent flow pulsations
in the liquid flow. This was overcome by a combination of
two techniques. First, we used a few feet of Tygon® tub-
ing, which served to dampen the pulsations while doubling
as a heat exchanger when placed in a water or water
ethylene-glycol bath. Second, six tee sections were used
for additional damping. The tees were placed in the tubing
18 in apart, with each tee extended vertically 3 ft, capped
at the top, and air filled. The tees perform a double func-
tion, for, while they served to filter the pump's pulsations,
they also provided an expansion tank function as well as
an outlet for entrapped air bubbles in the liquid. Liquid
temperature was measured at the liquid inlet and outlet by
placing thermocouple probes in the liquid flow passageway
of the sink. Differential pressure drop across the sink was
monitored by use of a mercury manometer. Liquid tem-
perature was maintained constant at elevated tempera-
tures by placing the Tygon tubing in a bucket with hot
tap water circulating through the bucket. For low-tem-

Registered trademark of the Plastics and Synthetics Division,
Norton Company, Akron, Ohio.

perature operation the bucket was replaced by a small foam
cooler which was filled with an ethylene-glycol water
solution and cooled as needed by applying dry ice to the
ethylene-glycol mixture.

TEST RESULTS

A total of 38 test runs were made using the four liquids
at flow rates from 0.15 to 3.4 gal/min and film tempera-
tures from 70 to 1600F. A listing of a single test run is
given in Appendix III.
From the calculated values in Appendix III, the desired

correlation plots can be obtained. Before discussing the
results, the derivation of R60, and the use of two different
liquid temperatures need clarification. RO,U is approxi-
mated as a constant, and its value is taken from the results
of the plot of R0 versus flow rate (GPM) for water as the
test liquid shown in Fig. 4. Fig. 4 shows the total heat-sink
thermal resistance asymptotically approaching a value of
approximately 0.04°C/W, thus indicating a value for the
copper component of 0.04°C/W. While all 38 test values
of R0 found using the four different test fluids could have
been plotted, it was only necessary to plot values for
water-they most clearly define RO,u because of the
superior cooling capabilities of water.
The bulk liquid temperature properties were used for

the pressure-drop correlation data because the liquid film
subjected to heat transfer is not a controlling property of
resistance to liquid flow. But for the thermal correlation
plot the heat-transfer characteristics of the fluid are a
first-order function of film as opposed to liquid bulk or
average temperature, and therefore it is important to use
the film temperature. This is the reason for having mul-
tiple values for the same liquid properties and, conse-
quently, multiple values for the Reynolds number.
The test data for (3) is plotted in Fig. 5. As shown, it

may be approximated by a straight line, from which (5) is
derived by conventional techniques:

R -= 4.3
kPRlI3Rey2l37

Re- [0.04 + Ro'],

OC/W (5)

°C/W. (6)
The pressure-drop correlation data are shown plotted in

Fig. 6. The details of the derivation of (7) used to model
the pressure-drop data are omitted for the sake of brevity:

Rey#-a )p .
\AP/ (7)

In a similar manner as was done for (3) and (5), (1) can
be made to fit the straight-line correlation plot by solving
for a and A. The result is

AP = 3.04 p X10T-81
LRey0 576

lb/in2. (8)

In reviewiing the result as shown in Figs. 5 and 6, it
appears that a given heat sink can be modeled for liquids
other than water using a single equation over a wide
Reynolds number range. The greater data scatter of Fig. 6
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Fig. 6. Heat-sink pressure-drop correlation plot.

is partially due to the wider Reynolds number range and
due to errors in pressure measurement. A curve fit could
be made by using two straight lines with a break point
near a Reynolds number of 6000. However, more testing
would be needed to justify such a step. It is mentioned
mainly to alert the reader to the fact that depending on the
sink design, two straight lines may be called for to effec-
tively model the sink, taking into account the turbulent
and laminar flow regions.

CONCLUSIONS

Performance data on liquid-cooled heat sinks can be
derived that will allow the designer to accurately predict
the performance of a given sink for liquids other than water
having a wide range of liquid properties. Furthermore, a

technique for deriving the relationship using readily ob-
tained equipment is outlined.

It is recommended that plots having the format of Figs.
5 and 6 or a similar format be made available to the equip-
ment designer together with charts that simplify the con-

version of a given liquid flow rate in gal/min and the
liquid propety p/u a Reynolds number based on the heat
sink in question. Space does not allow inclusion of this
material in this text. Further work needs to be done to
gather together the properties of the most commonly used
cooling liquids and plot their properties versus tempera-
ture using a single set of units to facilitate comparison
and using the aforementioned recommendation.
Although the author does not see any limitations in the

use of the proposed equations or alternate plots, there is a

limitation in the test method suggested in the form of the
need to use flexible tubing for the metering pump with a

corresponding limit in liquid system pressure. If a ball-
disk meter were used capable of operating over a wide
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viscosity range, a higher pressure and higher capacity cen-
trifugal pump could be used in place of the metering pump.
This then would allow for the use of high-pressure tubing
and a greater range of Reynolds numbers could be ob-
tained with a single test liquid, thus reducing the number
of test fluids needed for the same range of liquid properties.
A given liquid's properties could be varied over a greater
range by increasing the temperature excursion to a greater
range. This was not possible with the Tygon tubing due
to pressure and temperature limitations.

APPENDIX I

NOMENCLATURE OF VARIABLES IN NUSSELT EQUATION

h Heat-transfer coefficient, Btu/ft'- h -F.
A Viscosity, lb/h ft.
cp Specific heat, Btu/lb °F.
k Thermal conductivity, Btu/ft hhF.
p Density, lb/ft3.
D Diameter, ft.
d Diameter, in.
V Velocity, ft/h.
M,a,(1- c) Constants, dimensionless.

APPENDIX II

EXAMPLE

Assume that it is desired to single-side cool a pressure-
mounted thyristor using GE 10-C1 transformer oil at
400C. Furthermore, assume a 1-gal/min oil flow rate.
Using the subject heat sink shown in Fig. 1, the pressure
drop across it as well as the sink thermal resistance is
calculated next using Figs. 5 and 6 based on a 300-W
thyristor dissipation. The given conditions are Pdisp =
300 WI Tinlet = 400C, the oil flow rate is 1 gal/min, and a
G6 heat sink is used. The following calculations are made.

A. Pressure Drop
DV = 122 gal/min/d

therefore,

DV = 320,

(9)

ft2/h-

p = 54, lb/ft3, at 400C

1, = 17, lb/h ft, at 400C

therefore,

pl = 3.19,

Rey = DV(p/,u) = 1020,

P = 54,

V= (DV)/D
V = 9.75k,

pV2 = 51.3 X 10°,

h/ft3,
at 400C

at400C

lb/ft3
(10)

ft/h

lb/ft h .

'Properties (p, A, k, C,, (P,)11' at specified temperatures) of
General Electric 10-C transformer oil are available from Transformer
Department, 100 Woodlawn Ave., Pittsfield, Mass.

Referring to Fig. 6,

( pVI) 18 X 10 IRey=1020

therefore,

AP 1 XpV2 =

18 X 108 2.85, lb/in2.

Note that since the T inlet to outlet is less than 3°C from
the relationship

T = 0.237 (GP4 C Ioc (11)

when P, GPM, p, and C, are in units already given, then
Tbulk or Tav is assumed equal to Ti,nIet.

B. Thermal Resistance
Iteration 1): Assume Tfilm = Tbulk. Then

Rey = 1020

(PT) -'= 4.76

k = 0.0722,
k(Pr)'l3 = 0.356,

Referring to Fig. 5,

Ro'k(Pr)1/31Re,=1020 0.041,

therefore,

R == 0.115,
From (4),

Ro = 0.155,

Btu/ft h-F

Btu/ft h* 'F.

Btu* 0C/ft,h- OF*W

OC/W.

OC/W

Tfilm = Tbulk + 1/2 (P.R8') = 57.3,

Iteration 2): Assume Tfilm= 520C. Then

p=,= 4.2,

Rey = 1280

k (Pr)I 3= 0.320,

From Fig. 5,

k(Pr)I3Ro'IReyl=1280 =0.035a,

therefore,

Rt' = 0.111,

The new film temperature is

0C.

h/ft2

Btu/ft h. F.

Btu° C/ft-h. F W

OC/W.

TF, = Tbulk + 1/2 (PR8') = 56.7, 'C.

By interpolating the results of iterations 1) and 2), it may
be concluded that further iterations are not necessary.
Rounding R0' to two places yields

R= 0.15, OC/W

from (4), for

R =cU 0.04, OC/W.
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APPENDIX III

MINERAL OIL TEST RUN #6

Flow rate = 0.55 gal/min.
Pressure drop = 4.6 lb/in2.
Inlet temperature = 340C.
AT inlet-outlet-22°C.
T, = 122°C, the average temperature reading of the lower
shunt thermocouples.

T2 = 1350C, the average temperature reading of the
middle shunt thermocouples.

T3 = 1490C, the average temperature reading of the upper
shunt thermocouples.

T3- T1 = 27°C.
T4 = 98.5°C, the average temperature reading of the sink

interface thermocouples.
P = 0.256 kW, the power delivered to the sink, equal to

9.5(T- T2).
T4 - Tiniet (AT sink-liquid) = 64.5.
R1 = 0.25°C/W.
Taxv (liquid bulk) = 350C, the average liquid (bulk)
temperature between inlet and outlet.

TF (liquid film) = 620C, the liquid film temperature, equal
to T8., + 1/2 (Tce - T.,), where Tcu = T4 - (P X
Rec.); RaeCU = 0.04°C/W.

p (at bulk temperature) = 58 lb/ft3.

p/, (at bulk temperature) = 0.35 h/ft2.
Rey (at bulk temperature) = 61.5.
p (at film temperature) = 56.5 lb/ft3.
p/p (at film temperature) = 1.2 h/ft2.
Rey (at film temperature) 210
V = 5.7 ft/h X 103, based on liquid flow passage diameter

of 0.375 in.
V2 = 32 ftt/h2 X 106, based on liquid flow passage diam-

eter of 0.37 in.
DV = 175 ft2/h, based on liquid flow passage diameter of

0.375 in. (D = passage diameter in feet, while d =
passage diameter-in inches).

k (at film temperature) = 0.068 Btu/ft h °C.
(C,u/k) I3 (at film temperature) = 6.4.
R1' = 0.210 °C/W (Ro' = Ro-Roc)
[k X (Cp/k)III3 X R14'] (at film temperature) = 9.2 X

10-f Btu °C/ft.h °F-W.
pV2 (at bulk temperature) = 18.5 lb/ft h2 X 10.
AP (at bulk temperature) = 4.6 lb/in2.
V2/AP (at bulk temperature) = 4.0(in2/ft h2) X 108.
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