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A CO)i'ARISOL OF T1iß PRO13ES UD FO1 
MEASURING LOCAL HEAT TRANSFER COEFYICIENT'3 

CIIAPThR I 

IZii OUCTiOi 

The trûnsfer of liest from a hot fluid to n cold fluid 

is an importent induatrini operntion. The most oomxnon type 

of heat exoh&ner used in industrial processes is the shell 

and tube hect exohaner. It oOnsist of bundle of tubes 

enolosed in aylindrical shell. Heat is transferred 

through the tube wall from the hot fluid to the cold fluid 

as one fluid floes inside the tubes while the other flows 

outside the tubes. 

To guide the flow oV fluid between the outside of the 

tubes and the shell, baffles ere often used. They oontrol 

the path of the fluid, and tiey inoreese the rnte of heat 

tr!n8rer between the outside tube wall .nd the fluid flow- 

in through the shell. The baffles couse the pnttern of 

flow on the shell-side of ttie heat exchanger to be very 

oomplloatsd. s & result, the rute of looil befit trrister 
varies throuehout the exchanger. It is of interest to 

study local rates of heFt transfer in heat exohnners to 

determine effects of shell-side geometry and local areas of 

high rs well as 10« heat tr'nsfer. 



Measurement of local ratee of heat transfer have been 

made by the use of heat transfer sens1n probes. The probo 

usually consists of e heat transfer surfaoe to which heat 

is supplied. A measure of the heat supplied, the tempera- 

ture of the heat transfor surface, and the temperature of 

the fluid give an indiot1on of the rate of heat transfer. 

The purpose of the Dreseut researoh was to determine 

if sensing probes suitable for the measurement of heat 

transfer rates in e baffled heat exchanger could be devel- 

oped using the properties of temperature sensitive resist- 

ors. Two probes were built using thermistors as the heat 

transfer aurfr'oe to which the heat was supplied. The ther- 

mistor probes vero studied in a model heat exchanger and 

wind tunnel along with a probe of known oharnoteristics, 

and the pertormnnoe of the thermistor probes wns determined. 
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CHAPTER II 

THEORY AND PREVIOUS WORK 

onduotive Heat Transfer 

Conduction is the transfer of heat from one body to 

another part of a body, under the influence of a tempere- 

ture gradient, without significant displacement of parti- 

cles of the body. The mathematical expression for the in- 

stantaneous flow of heat d/dO in one direction is given by 

Fourier's law 

-k& dt/dx 1) 

where a is the area of the section taken at right angle8 

to the direction of heat flow; dt/dz i. the rete of ohane 

of temperature in the direction of heat floi, and k is a 

physical property of the material knovn as the thermal con- 

duotivity. When the heat flow is independent of time, the 

rate d/dO can be represented by q. Hence, at tecdy 

state, Fourier's law becomes 

Cj d;/dx (i 
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Convective Heat Transfer 

Convection is the transfer of heat from one point to 

another within a fluid, or between a fluid end a solid by 

movement or mixing of the fluids involved. Heat transfer 

by oonveotlon can be classified ris either natural convec- 

tion or forced convection. 

In natural convection, the cool fluid adjacent to a 

hot surface will become heated by conduction. This causes 

temperriture differences in the fluid, and thereby results 

in density differences. Because of the density differences, 

buoyant foroe cause e flow of fluid near the surface. 

Hence, in naturel convection the motion of the fluid is 

entirely the result of differences in density, resulting 

from differences in temperature. 

Forced convection occurs when fluid is forced over a 

surface which is at a different temperature than the fluid. 

Heat is always transferred in direction of decreasing tern- 

perature. The motion of the fluid in this case is e result 

of both density differences and the energy supplied to the 

fluid. Idotion due to the former, however, is generelly in- 

sinificent compared to the latter. Heat is conducted to 

the adjacent fluid and passes by conduotion and convection 

to the bulk stream. 

The heat transfer rate from the surface of a solid to 

a fluid is defined by 



where 

q h A(t -t) 
m w 

q - rate of heat transfer 

mean heat transfer coefficient over 
the surfcoe area 

area of surface 

temperature of the surface 

t bulk temperature of the fluid 

The coefficient of heat transfer depends on certain 

physical properties of the fluid, on the velocity of the 

fluid past the surface, and In many oases on the tempera- 

ture potential i t. (8, p.4) 

The point or looel heat trnsfer coefficient, h, Is 

given by 

h(t'-t) (4) 

and is much more difficult to measure than the average co- 

efficient. However, once local heat transfer coefficients 

aro found, they can be used to find mean heat transfer co- 

efficients. Also, since the heat transfer coefficient Is 

a function of fluid velocity lool ooeffioients can be u8ed 

to study flow patterns over surfaoes end show effects of 

various modes of flow. The importance of being able to 

measure heat transfer coefficients is apperent. 



Methods of Detein1 Looal Heat Transfer Coeffioient3 

Several methods for measuring looal heat transfer oo- 

effloients have been developed. Each has its specific ad- 

vantages and disadvantages depending upon the application. 

Schmidt and werner (II, p.3) in studying heat transfer 

over the o1romiferenoe of cylinder used a vapor heated 

cylinder fitted with an electrically heated copper bar. À 

hollow bra8s cylinder was kept at a constant temperature by 

internal heating with vapor, except at one plioe where a 

strip of the surfíoe was removed and replaced by a hollow 

copper bar that was heated internally by electricity. This 

heating element was insulated by an air layer bounded by 

polished metal surfaces. The electric heating of the cop- 

per br was so adjusted that lt assied the same tempere- 

turs as the vapor heated cylinder. The power input to the 

heating coil, the temperature of the copper surfaoe, and 

the air stream temperature were measured. With these and 

the surfaoe area of the copper bar, a local heat transfer 

coefficient was calculated. This 15 not a local heat 

transfer coefficient in the sense of a point coefficient 

but an average coefficient over the area of the copper. 

In determining heat transfer rates of water through a 

tube bank, Dwyer (3, p.6) used niokel tubes that were 

heated electrically by their own resistance using a high 

amperage low voltage current. The radial heat flux from a 



given tube was determined from the voltage drop aoroßs the 

seotlon of the tube in the riowing stream. The heat trans- 

fer aoeffiolent was deteruiined by me8suring the total tern- 

perature difference between the ln8ide wall of the tube to 

the bulk wetter temperature. An expression was derived re- 

1at1n power input, inßide wall tempereture, radius of the 

tube, and bulk water tempereture to the heat transter 00- 

officient. The inside wall temperature was meesured at 

ynrious fixed angles iround the oirouiferenoe 01' the tube 

by a revolving pin point therrn000uple probe. In calcula- 

tion of the heat transfer ooeftioíent, the nickel tube was 

treated as a hollow oylinder with an adiabatic inner sur- 

face, and heat onerìtion was assi.aied un1tor. 

Hardwiok, Barsoh, and ItioDonald (t, p.239) developed a 

heat meter which is a theruopile on a miniature scale. The 

meters wore wound on a glass oore 0.007 inches by 1/16 Inoh 

by ì/J 1nok. 1'irty turns of 0.001-inch oonstantan wire 

spaced 0.001 inches apart were wound on the core. Then the 

long edge of the meter was ixcimersed in a silver plating 

solution so one halt of esoh loop was plated. Thus an 

effective silver-constantan junction was formed on each 

loop at the center of the two flat sides of the meter. 

The meter wee then ooted with thin high temperature 

cement to prevent shifting of the wires. t model to be 

studied was costed with 0.02 inches of porcelain, and a 



mall indentation was made into whioh the meter was pisoed. 

The surfaoe was rioothed over, and oonneotlons were made by 

silver paint to wires at the rear of the model. iuoe the 

sensitivity of a meter i reat1y ffeoted by the method of 

installation and the thermal oonduotivity of the riaterial 
into which it is installeu, the meters must be calibrated. 
Calibration was orriei out in an ovens nd a plot of heat 

flux versus millivolts v'ps used for tci calibration curve. 

The reters hive been u8ed for heut transfer studies at very 

high fluid velocity rtes, seven to eight times the speed 

o sound. 

app (14, p.23) msured bed heìt trrnsTer coetfi- 
ciente around e cylinder by mee.eurin the condenst1on 

rate of stetm in a thermally insulated segment oÍ a two- 

Inch pipe. A amall seent four Inches long by (v.36 inohes 

wide iw mechined from the pipe and repbdood by s thermally 

insuluted section in the form of szall stec chest to 

which steam oould be supplied and condenste colìeOtC. 

'ihe pipo ite1t was meIntlned at o con&tnt temperature by 

the pcssage of steam throu1i it. Mecsuremnt of the con- 

deneation rate, the temperdture dll'Terecoe between the con- 

densing steam nd thc f1owln air, szd the crea of the in- 

sulated sectIon gtive c v.lue for the loctl heat tranbfer 

coefficient. 



V1nd1n and Cheney (1, p.108?) u8ed the analogy be- 

tween heat and mass trcnsfer in studying the heet transfer 

coefficients in tube banks. Naphthalene tubes were cast 

and inserted into various positions in the tube bank. Air 

W8S passed through the tube bank, end mass transfer ooeff 1- 

cienta could be obtained from the 1088 in weight and change 

in dimensions of the naphthalene tubes. Heat transfer co- 

efficients were cslculated by use of the Chilton and Col- 

burn ana1oy for trinsfer of heat nd rrns. The Chilton 

and Colburn analojr oen be expressed as follows: 

where 

2/3 
iH h/CG (Ct/k) 

for heat transfer, and 

2/3 
1 

_KP 
D 7i rkd 

for ttsrs tran3fer. 

The nomelioltture Is as f0110w8: 

h u heat transfer cooffiolent 

Gp speolfie heat of floving fluid 

C m383 velocity of f1o;in fluid 

o 
- donsity of the flowing fluid 

viscosity of f1owln fluid 
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P total pressure 

k thermal oonduotivity of flowing fluid 

K molar incas transfer coefficient 

M molecular weight of naphthalene 

diffusion coefficient of naphthalene 

idi the fotors in the iD expression are known or can be 

measured, and the only terni unknown In the 1H expression is 

the heat transfer coefficient. Hence, the heat transfer 

coefficient can be calculated. 

Giedt (3, p.375) used a heated resistance ribbon tech- 

nique to study point heat transfer coefficients around a 

cylinder normal to an air stream. A thin alohrome foil 

wound helically around the cylinder was electrically heated. 

Point heat transfer coefficients were determined from the 

temperature of the ribbon, and the electrical input to the 

ribbon. The temperature of the ribbon was measured by 

means of very fine thermocouples. Short lengths of iron 

and constanten wire were spot welded to the niohrome ribbon 

before it was placed around the oylinder. The wires were 

leed through the cylinder wall and soldered to leads 

brought in through one end of the cylinder. To reduce con- 

duotlon losses the cylinder was filled with glass wool. 3y 

making an energy balance on a differential piece of ribbon, 

an expression for the local heat transfer coefficient was 

derived. Aeasurement of the air tempersture, ribbon 
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temperature, and power input to the ribbon were sufficient 
to caloulate the heat transfer coefficient. kstimate of 

conduction losses and radiation 1oses were also made. 

Aiubrose (1, p.41) conetruoted a heat transfer sensing 

probe based on the heated foil principle used by Giedt. 

The probe ws used to study boni heat transfer ooeff i- 
dents irLsido a model heat exchanger. The sensing probe 

was made from a six-Inch pieoe of one-Inch lucite plastlo 
rod. Seven lron-oonstantan thermocouples were placed in a 

çroove around the circumference of the rod. Next a layer 

of "Saran Wrap" was placed over the therm000uples to keep 

therA from 5borting out on the hetin foil. The he8tlng 

foil was made of niohrorne reslßtanoe ribbon, and three 

strips were placed adjacent to each other ori the probe. 

The center foil vas placed over the therr000uples. The rod 

was grooved lonItudInElly, arid small copper bers 'ere 
screwed in the erooves to hold the foil In place nd to 

serve es s junction between the power loads and the foil. 
The tolls were heated by direct current, and the tberzno- 

couple relings were trken with a potentIometer. Bdia- 
tion losses wre eìtieted as beine st1l and were not con- 

sidered th the oslouletlon of loca]. beet trensfer coeffi- 

ointe. The probe developed by Mbrose h 1een usei ex- 

tenive1y in the csurement of local bent trmnfer cc- 

efficients in heat exoner. 
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Gould and Nyberg (, p.249) used a small thermistor 

embedded in a plane surftce for mesurin viscous heating 

and microstreeming effects. The resistance of the ther- 

mistor was mecaured by attaching its 1eds to a Wheatatone 

bridge so that the thermistor becanie one of its arms. 

The bridge can be used in two ways. The current 

through the thermistor can be kept small. The heating is 

then negligible, end at equilibrium, the temperature of the 

thermistor is that of the surroundings. The current can 

also be made relatively large so that self-heating of the 

thermistor occurs. The tempereture is controlled by the 

rate at which heat is transferred to the surroundings. It 

can therefore be used to measure heat transfer rates. 

Qperatlon of Thermistors 

Thermistors are temperature sensitive resistors and 

hve been used extensively s temperature control devioes. 

The two properties of thermistors that re of interest in 

measuring heat transfer coefficients are their ability to 

mensure smell changes in temperature, and their ability to 

dissipate neat to the surroundings when sufficient ourrent 

is passed through them. (2, p.711) 

Most thermistors re semiconductors. semiconductor 

is a material whose electrical conductivity at or near room 

temperature is much less than that of a typiol metal, but 
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much greater than that of an insulator. The specific con- 

ductivity is defined as the reciproosi of the specific re- 

sistance which la defined as 

where 

R - p L/A 

R resistance 

A - cross-sectional area of material 

L length of material 

specific resistance 

(5) 

The specific resistance la dependent upon the material 

und is a function of metals which are 

conductors, a good approximation for the specific resist- 

ance as a function of temperature is as follows: 

where 

f (6) 

1D0 specific resistance at temperature T0 

T absolute temperature 

c temperature coefficient of resistivity 

The temperature coefficient of resistivity is defined es 

c' 1/ED d°/dT (7) 

and for a conductor suoh a platinum is 0.0037 at 3000K. 
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The relationship between specific resistance and tern- 

perature is much different for a semiconductor. If u plot 

of reciprocal temperature versus the logarithm of specific 

resistance is made, an almost straight line results. 

Putting this into a mathematical expression 

where 

e1'T 

speciflo resistanoe when l/T equals O 

slope of the line 

It follows from equation (7) the teinpereture coeff i- 

oient of resistivity for a semiconductor is 

(9) 

For a typiosi semiconductor material of which thermistors 

are made o hes a value of -0.044 at 300°K. This is roughly 

10 timea irirger than tn&t for a oonduotor and opposite in 

sign. 

In mesuring temperAtures the current through the 

thermistor must be kept small so that there is no appre- 

dable heating. The temperature of the thermistor is then 

thnt of its surroundings. Since the resistnoe Is a fune- 

tion of temperature a measure of the resistrioe will give 

from equation (8) the temperature of the thermistor. 



When ourrent is applied to the thermistor, power 

equivalent to the product of 'voltage and current is gen- 

erated. 

where 

p - VI . 12R (10) 

V voltage across the thermistor 

I current through the thermistor 

15 

As the current assumes larger values, the power dissipated 

increases; the resistance decreases, and henoe, the voltage 

is less than It would be if the resistance had remained 

constant. Figure 1 showB the relationship between tner- 

mistor current and voltage. The numbers on the curve Indi- 

cate the temperature rise above ambient tor the thermistor. 

It appears from the properties of thermistors that 

they would be satisfactory in studying heat transfer co- 

effloient8. They have a fast response time, are sensitive 

to temperature, and can be used to measure heat losses. 

Thermistors are made in a variety of shapes nd sizes, and 

there should be little trouble mounting them in a probe. 

A mersure of trie thermistor temperature, the air tempera- 

ture, and power input to the thermistor will Ive an Indi- 

cation of the heat transfer coefficient It the thermistor 

itself Is used as the heat tranafer surface. 
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CHAPTER III 

EXk'E R I1EI' TAL APPARATUS 

The essential experimental equipment consisted of 

three heat trensfer sensing probes, an air source, the 

power supplies for the probes, and the electrical measur- 

ing equinent. 

The Standard Probe - Probe A 

The standard probe used the heated foil principle and 

was 8imilar in construction to that used by Ambrose. (1, 

p.41) ThermIstors were used in place of thermocouples for 

measuring the toll temperature. 

The probe consisted of two sections of /4-lnoh lucite 
plastic rod which could be screwed together. A 3/16-inch 

hole passed longitudinally the length of the probe. When 

the probe ws assembled, lt was eight inches long. A 3/16- 

Inch plastlo spacer was located between the two probe seo- 

tions, and the thermistors were embedded et 45° Intervals 

around the probe at the junction of the spacer and one seo- 

tion of the probe. Three grooves, 0.002 Inches deep and 

one inch wide, were machined 1/4 inches apart around the 

oirotunferenoe of the probe. The toil was placed in these 

grooves and fastened to the plestlo by means of copper bus 

bers which fitted in slots that were machined longitudinally 
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on the probe. The bus bars were attached to the probe by 

machine screws and 80 arranged that the three foil stripe 

could be conneoted in series. 

Lead1s from the thermistors and the power leads from 

the bue bars passed through the center of the probe end 

through a 3/4-inch aluminum mounting tube to a plug socket 

and terminals. The thermistor leeds were soldered to an 

eight pin plug, and the two power leeds were attached to 

terminale to which the power supply could be attached. 

Lead wires for the thermistors were 29-gauge double cotton 

covered copper wire. The power leeds were 12-gauge in- 

sulated copper wire. 

Seven thermistors were used to ineesure the foil tern- 

perature. The thermistors were Keystone typo L-0503-56K 

thermistors end had a resistanos of 56,000 ohms lo per 

cent at 37.8°G. The three foils were niohrome resistance 

ribbon having the trade neme "Tophet e". The toil was one 

inch wide txrid u.002 inches thick and had a speolfio re- 

sistanoe of O.2G3 ohms per toot end thermal conductivity of 

7.63 ßtu/hr. ft °F/ft. Probe J. Is shown in Figure 2. 

Rested Bead Thermistor Probe - ?robe B 

Probe 13 was similar to Probe ii. except that no foil was 

used. Power wes supplied directly to the thermistors, and 
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the thermistors themselves were used as the heat transfer 

surface and the temperature sensing elements. 

The probe consisted of two hollow sections of 3/4-inoh 

lucite rod that could be screwed together. A 1/2-inch 

spaoer was plaoed between the two sections of the probe, 

and when assembled, the probe was 6 1/2 inches long. Eight 

No. 55 holes were drilled at 45° intervals around the 

spaoer. The rees of the holes were measured with a mioro- 

scope and are listed in Table II in the appendix. The 

thermistors were placed in the holes, and. one lead of each 

thermistor was taken out on each side of the spacer. A 

copper ring ected es e common terminal for one set of ther- 

mistor leads while the other leads were attached to sepa- 

rate terminale on the other side of the spacer. No. 60 

holes were drilled in the thresded. section of the probe. 

Copper lead wires, 29-gauge double cotton covered, were 

threAded through the probe, through the No. 60 holes, and 

attached to the terminals of the spaoer. Another lend was 

connected to the copper ring. The probe was essembled by 

screwing the two probe sections together thus olaiaping the 

spacer between them. 

The probe was mounted to a 3/4-inch e1ininum tube. 

The lead wires were passed through the tube and soldered 

to an li. pin plug. The surface where the thermistors were 

embedded in the plestlo was made smooth by covering the 
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discontinuities with a conductive putty made from silver 
dust and ordinary glue. Area of the heat transfer surface 
of each thermistor was considered to be the area of the 

hole in which the thermistor was embedded. 

The thermistors used in this probe were the same s 

those used In Probe A. A. drawing of Probe B is shown in 

Figure 3. 

Heated Viasher Theii1stor Probe - irobe 

Probe operated on the sanie principle as Probe b but 

W88 designed to measure nverae coefficients around the 

tube. 

The probe consisted or two hollow seotions of /4-inoh 
lucite rod that could be screwed together. A washer type 

thermistor placed between two copper washers was mounted 

between the probe sections. A lead wire from each copper 

washer was passed through the probe and en a1tinuni mount- 

ing tube and connected to e terminal strip fastened to the 

end of the tube. 

The thermistor was s General 1eotrIo W 751 washer 

thermistor end had an outside diameter of 0.750 0.001 

inches. A drawing of the probe is shown in Figure 4. A 

photograph of all three probes mounted in their aluminum 

tubes Is shown In Figure 5. 
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Power supplies 

All of the probes used direct current. Probe A re- 

quired a relatively lrrge amount of power as coirpared to 

Probes B nd C. For Probe A the power supplied to the re- 

sistanoe ribbon ws of the order of 60 watts, while that 

supplied to Probe wes only 02 watts, and that for Probe 

C was about 1.0 watt. 

The pover sunply for Probe A was a 12-volt battery 

charger and as800iated equipment. The 110-volt alternating 

current power supply to the battery charger was stabilized 
by a Raytheon (No. VR-61'?3) voltage stabilizer. Direct 

current output from the battery charger passed throu.h a 

rheostat which permitted adjustment of power to the probe 

heating foils. A O to 10 range anuneter accurate to ± 0.1 

amperes was used to measure the ourrent to the resistnoe 
ribbon. A switch, O to 10 range voltmeter accurate to t 0.1 

volts, and a pilot light completed this ortion of the air- 
cult. 

14or Probe h the power was obtained troni a Westtnghoue 

"Rectax" power pack which was rated at 750 watts. Line 

voltage was supplied to the power p80k through a variable 

auto traneforror. The current from the power peak passed 

through a capacitive inut filter, and the output was 

metered by a O to 25 rançe voltmeter which had an accuracy 

of 0.2 volte. The eight thermistors were In parallel, 
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and a O to i millianimeter with an accuracy of 0.01 mliii- 
amperes was placed so that it could measure the current 

throu-h each thermistor by means of a switching arrange- 

ment. A circuit diagram is shown in Figure 6. 

The power for Probe C came from the westinghouse power 

pack end passed directly through a rheostat. The rheostat 

was used to adjust the power input through the thermistor. 

The nieauring apparatus consisted of a O to 30 range volt- 

meter with an accuracy of t 0.5 volts and a O to 150 mliii- 

ammeter with an accuracy of 2 milliamperes. 

Resistance Measuring Eguinent 

The foil temperature on Probe A was determined by 

measuring the resistances of the thermistors under the 

foil. This was done by using the Vheatstone bridge shown 

in Figure 7. One leg of the bridge contained a set of 

variable resistors, another leg the thermistors, and the 

lest two legs the fixed ratio resistors. A mioroanuneter 

was used as a null deotor. Input from the thermistors was 

through a 15 pin connector and was selected by an 11 posi- 

tion switch. In the range concerned, the accuracy of the 

resistance measurement is I 10 ohms. This corresponds to 

a change in temperature of t O.0lF. 

Probes and C required only the already mentioned 

voltmeter and ammeter for measurement. 
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ir Source 

Air was used as the 000ling fluid for the probes. 

The eir was torced over the probes at different flow rates 
in order to change the heat transfer coefficients. The 

heat trensfer coefficient measured by the standard probe 

wan then related to meesurenients made by the other two 

probes. 

Two different air sources were used. burinE the rirst 
set of calibration nieasurements the probes were placed in 

symmetrical positions in a bnffled muJ.titube model heat ex- 

changer. The flow pattern on the shell side of such a heat 

exchanger Is complicated, and there is considerable varia- 

tion in the coetfiolent throughout the exohenger. The 

probes were calibrated by placing thorn in positions which 

were geometrically Identical in the exchanger, end hence, 

the seme flow conditions end therefore the seme heat trans- 

fer coefficients existed at ecoh crobe. 

Air was supplied to the heat exchanger by a Roots type 

blower with e rating of 280 oft at 1/2 pslg outlet pros- 

sure. The hot air leavin the blower was cooled in water 

coolers to about room temperature before it passed to the 

exchanger. The probes were mounted between two alum1nmi 

heat exchanger tubes end could be moved anywhere along the 

tubo position. 
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À seoond test of the probes was made In a wind tunnel 

capable of a maxlmuni air flow rute of 950 ft/mm through a 

test section two feet by two feet by eight feet long. By 

partially covering the fan intake, flow rates between 50 

feet per minute and the maximum were obtained. The probes 

were mounted between two pieoes or aluminum heat exchanger 

tubing and plaoed in the tunnel so flow would be parallel 

to the probes. The tube8 were fastened to a solid 8upport 

three feet downstrei3m from the probe. On the upstream end 

of the probe was a 16-inch piece of 3/4-inch aluinuxn tube. 

A six-inch piece of wooden dowel with a rounded end was 

placed in the end of the tube. Probe was placed aprox- 

Imetely In the center of the test section, ünd Probes B and 

C were placed five inches on either side of It. The flow 

pattern across the wind tunnel was checked with a velometer 

and was found to be approximately uniform across the sec- 

tion where the probes were mounted. 
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CHAPTER IV 

EIPRIMENTAL PROGRAM 

The experimental program was designed to cali- 

brate the probes over a large range of heat transfer co- 

efficients. Sirios Probes B and C were designed to be used 

in the model heat exchanger they were plaoed in the ex- 

changer in geometrically similar positions, and comparative 

measurements were taken with all three probes. The flow 

patterns in the baffled heat exchanger are auch that a 

fairly wide range of heat transfer ooefficients exist 

throughout the exchanger. 

Heat transfer coefficients were mezsured with all 

three probes at various positions in the model heat ex- 

changer. The heat exohanger contained orifice baffles, 

and the local heat transfer coefficients around the tube 

were fairly constant because of the longitudinal flow 
existing in the exohaner. This is in agreement with an 

investigation of orifice flow patterns made by Yillianis. 

(12) Ìrobes B and (J were run in geometrically similar 

positions as Probe A so that they gould be subjected to 

the same flow patterns, and hence, the saine heat transfer 

coefficients. 

another set of tests was made on Probe C In the wind 

tunnel. The air flow rate through the wind tunnel was 
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changed to obtain a variation of heat transfer coefficient. 

The flow rate was changed over the same range with two dif- 

ferent power inputs to Probe C. Another reading was taken 

at 8t111 a lower power input at the maximum flow rate in 

the tunnel. 
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CHAPTER V 

EXPERIMENTAL PRO CEDURE 

The experimental procedure used for measuring the heat 

transfer coefficients in the riodel exchanger required the 

following steps: 

1. Install the probes to be studied and the standard 

probe in geometrically similar positions jn the 

heat exchanger. 

2. Open the bypass line from the blower and close 

the line to the heat exohanger. 

3. Turn on the cooling water for the exchangers used 

to cool the air leaving the blower. 

4. Start the battery charger by turning on the timer. 

5. Connect voltage stabilizer to wall outlet. 

8. Start the blower. 

7. Open the line to the test section and partially 

close the bypass. 

8. Switch on Probe A Direct current power source. 

9. Adjust Probe A rheostat to obtain the desired 

current. 

10. Turn on variable auto tranBforrner to supply power 

to power pack. 

11. Adjust voltage to Probe B to desired value with 

variable auto transformer. 



34 

12 Adjust rheostat tor i?robe ( to the desired 
voltage reading. 

13. Let all three probes reson equilibrimi. 
14. Reoord voltage and current readings for Probes 

B and C and the resistanoe readings for Probe A. 

lb. Reposition the three probes and repeat steps 13 

end 14. 

The procedure used for the wind tunnel test was the 

aa!ne, except Instead of repositioning the tubes, the flow 

rate through the wind tunnel was ohanged. 



CALCULATION OF EXPERIMENTAL DATA 

Probe A 
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The looal heat transfer coeffloients for l'robe A were 

oalculated from the temperatures measured by the ther- 

mistors, the air temperature, snd the current input to the 

resistance ribbon. All computation was done usinß the il- 

wee III-E oomputer. 

The equation used for the calculation of the heat 

transfer coefficients was derived by Ambrose. (1, p.79) 

Th18 equation wea derived by making an energy balance on a 

differential element of the nichrome resistance ribbon. 

Since the two ribbons adjacent to the center ribbon were 

also heated, the amount of longitudinal conduction was re- 

duoed and the longitudinal temperature variation of the 

center foil was considered negligible. In the derivation, 

the amount of heat lost by conduction into the plastic end 

by radiation were shown to be sufficiently small so that 

they could be neglected. 

A heat balance on a small elnent of ribbon yields the 

following: 

(heat conducted in) + (heat generated) (heat 

conducted out) + (heat conveoted to the fluid) + 

(heat radiated to the surroundings) + (heat 
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conducted into the plastic center of the 

probe) 

Neglecting the last two Items, this energy balance yields 

the following equation. 

where 

-kzw dt/dS + 12d3 

-kzwd \t + dt dB1 + h wdS(t-t) 
(11) 

S length of resistunoe ribbon 

z thIoknes or resist&inoe ribon 

i current through resistence ribbon 

R - resistivity of the resistance ribbon 

t temperature measured by thermocouples 

t8 air temperature 

h local heat transfer coefficient measured 

by lrobe 

thermal conductivity of the ribbon 
w width of the reaistince ribbon 

solving for h gives 

i2R + kzd2t 
h w dB 

t - ta 
( 
12) 

Slnoe S - rØ where 0 equals the enclosed an1e in radians 

dS r dí (13) 
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dt dt (14) 
r 

Differentiating with respect to S 

d2t - d2t (15) rS 
Substituting l2) into (14) there resalte 

- (18) 
2 22 

dS rdØ 

Substituting (16) into (12) the final expression for the 

heat transfer coefficient is obtained. 

12R + kz d2t 

h -. ___________ (1?) 

t - t 

The following oonstants ere known. 

R - 0.263 ohms/ft. 

w - 1.00 Inches 

k - 7.63 Btu/hr. ft °.F/tt. 

z - 0.002 inches 

r 0.375 Inches 

When the above quantities rre substituted Into (l'i) and Ø 

is changed to degrees, th following results. 



10.7712 + 4276 d2t h- (18) 
t - ta 

This equation was programmed for the Âlwao III-E computer 

and used to calculate the local heat transfer coefficients 
from the resistance and current readings. 

The average heat transfer coefficient around the tube 

was calculated by averaging the local coefficients oalou- 

1ted from equation (18). 

hA 1/7 h1 (19) 

where h1 la the coefficient at a thermistor. 

The temperatures used in computing the heat transfer 

coefficients were calculated from the resistances of the 

thermistors by the following equation. 

where 

- l/T0) 

R R0e (20) 

R - resistance of thermistor at temperature T 

R0 resistance of thermistor at temperature T0 

e - 2.718 

- constant 



The constant depend. upon the material in the ther- 

mietor. The seven thermistors used for Probe A were cali- 

brated by measuring their resistances at 560 0R. Table I 

in the appendix lists resistances of the thermistors, the 

temperature, and the value of whloh was given in the man- 

ulaoturer's specifications. 

Probe B 

Since the saine type of thermistors viere used for Probe 

B, the saine value of was also useU. To simplify the cal- 

oulations, the thermistors were reduced in size with ordi- 
nary sandpaper witil e&oh thermistor had pproximate1y the 

same resistance at the &amo temperature. t O °R all 

thermistors had a resistance or 58,000 200 ohris. Sub- 

stituting into equation (20) 

Rb 58,000 e7750()/T - 1/560) (21) 

An energy balance on a single bead thermistor results in 

the following equation. 

(electrical heat input) (heat lost by oonduotion 

Into plastic) + (heat lost by convection) + (heat 

lost by radiation) 

This becomes 
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q ht(t-t8) - k 

rr (22) 

+ (i4 
- Ta4) 

k thermal oonduotivity oÍ' the plastic 

X oonduotion area 

temperature gradient between \r) 
r r w the plastlo and the thermistor 

tetan-Boltvnan oonstant 

exnisslvity of the radiating surface 

t = temper'ture of the surface of the thermistor 

ta air temperature 

heat input to a Probe B thermistor 

Grouping the conduction and radiation terms together 

as losses, the following is obtained. 

- ta) + losses (2) 

The heat inputs to the thermistors were caloulated from the 

voltage and current readings of the thermistors. 

VI (3.413 tu/ hr. watt) (24) 

In equation (22) the unknown quantities are the heat trans- 

fer coeffloient and the losses due to radiation and 
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oonduotion. If the losses are eniall, a good indloation of 

looel heat transfer ooefuioient can be oaloulated by 

.AB( ttaJ (25) 

and comparison with heat transfer coefficiente from Probe A 

will permit an estimation or the losses. If the loases are 

large, possibly a calibration could be made between Probe A 

and Probe B so thbt the latter could be used satisfactorily. 

It would be desirable to use Probe B because of its small 

power requirements ari1 rapidity with whioh it reaches equi- 

librium. 

Probe C 

The thermistor washer of Probe . had a value of 

7150 0R as given by the manufacturer. The constants R, 

and T0 in equation (20) were determined by measuring the 

resistance of the thermistor at room temperature which was 

found to be 482.? OhItl8 0.1 ohm. The followin,g equation 

w&s used to compute the temperature of the thermistor from 

Its resistance. 

R u 432.7 e5° (l/T - 1/539) (26) 

Au energy balance on the thermistor results in an erpres- 

sion similir to thct for )?robe 3. 
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hA(t - ta) + losses (2?) 

where is the heat input to the washer thermistor and is 

caloulated from equation (24). 

Since thick copper rings were boated on each side of 

the thermistor, conduction into the copper would be oonsld- 

erable. With the known heat transfer coefficient from 

Probe A, a calibration may be obtained by oFlloulating a 

fictitious heat transfer coefficient neglecting all radia- 

tion and conduction losses. 

where 

(28) 

Ac(t -t) 

hc = fictitious heat transfer ooeffioient of 

Probe C 

convection ìree which was assumed to be the 

exposed Ftre of the thermistor and the 

copper washers 

tC temperature measured by the washer ther- 

mistor 

A relation between the fictitious heat transfer co- 

efficient and the actual heat trensfer ooetfioient would 

then oonsist of a calibration of Probe C. 



CHAPTER VII 

ANALYSIS OF EXPERIMENTAL DATA 

When a thermistor is 8UppllSd with a certain power 

input in still air, lt reaches an equilibrium temperature. 

If the transfer of heat is increased from the thermistor 

at a given heat input the tempereture of the thermistor 

will drop. Because of the characteristics of thermistors, 

the resistance of the thermistor inoreses with the de- 

creasing temperature, and the qullibrltmi value of the re- 

sistanoe will be higher than it prior to the change. 

If the voltage le held constant aoross the thermistor the 

current flowing through the thermistor will thus decrease, 

and the power supplied to the thermistor will be less. If 

the voltage across the thermistor is not held constant both 

the voltage and current will change, but will do so In such 

a manner that the power input to the thermistor deoreases. 

The heated thermistor probes followed these oharsoteristios. 

In all the measurements the voltage and current were 

allowed to adjust as the heat transfer coefficient to which 

the probes were exposed was changed. 

Correlations were made first to determine it Probe B 

could be used directly to determine local heat transfer 

rates, and then made to see if the average heat transfer 
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coefficienti measured by Probe B could be related to the 

average heit transfer coefficient measured by Probe A. 

In the analysis of the data for Probe C, correlations 

relating the fictitious heat transfer coefficient measured 

by Probe C to the heat transfer coeffiolents measured by 

Probe A were made. 

Probe B 

Analysis of the experimental data for Probe B indi- 

cetas that the heat transfer coefficient calculated from 
equation (25) 

___________ (25) - 

AB (tB - ta) 

18 many times higher than that measured by Probe A, as can 

be seen by Figure 8. 

There are two possible explanations for this. First, 

the heat conducted into the probe is large. This means 

that of the total heat input to the thermistor, only a 

small fraction is removed by convection from the measured 

area of the hole in whioli the thermistor is embedded. In 

order to use the measured area of the hole as a basis of 

calculating a heat transfer coefficient a q much less than 

the total would have to be used. 

Another explanation for the large value of heat trans- 

fer coefficient obtained can be made from boundary layer 
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theory. It le known that louai heat transfer ooetfioients 

measured at the leadin portion of a heating surface are 

larger than those measured. at sonie distance downstream. 

.n analytical expression has been developed by Rubesin (10) 

for flow over a flat plate having a stepwise surface- 
temperature discontinuity. At a constant flow rate for a 
given fluid, the heat transfer coefficient is related to 

the distance downstream from the starting point of the 

heating surface by 

where 

-'7/39 

K _l/5 (0/x)"°1 (29) 

K - a constant dependent upon the fluid and 

the flow rate 

X0 distance from the leading edge of the 

plate to where the heating begins 

z - diatanoe from the leading edge of the 

plate where the local heat 'transfer 

coefficient is measured 

In attempting to measure a local heat transfer ooeff 1- 

oient by a small heated area such as an embedded thermistor 

bead, the term x0/x would be very close to unity. Hence, 

the local heat transfer coefficient existing at this ther- 

mistor would be quite large. This heat transfer coefficient 
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would be much lsrger than that measured by Probe A under 

the same condition of flov arid position. 
A rigorous mathematical analysis taking into s000unt 

all of the many feotors affecting the heat transfer ooeff i- 
oient from an embedded thermistor bead would lead to 'very 

complica ted differential equations. As en alternative, th. 
date were analyzed by oomparin the resulte witb Probe A in 

an attempt to interpret 'the data from Probe B so that it 

could be used to measure representative coefficients in the 

xohanger. 

Variation of heat transfer coefficient measured by Probe A 

with those measured by Probe B. Figure 8 shows a plot of 

average heat transfer coefficient of Probe B 

1'Bav 1/7 hB (30) 

as a function of average heat transfer aoeffioient measured 

by Probe A. The average heat transfer coefficient from 

Probe B was oaloulated from equation (30). The solid line 

in Figure 6 passes through, approximately, midway between 

the widely scattered points. This represents an approxi- 

mate calibration curve of Probe B compared to Probe A. In 

using Probe B values of hA would be obtained from values of 

( hB)av and could be determined through the use of the curve. 

The broken lines represent a 20 per cent deviation from 



the curve in term8 of h. Theße curves include 60 per cent 

of all the points. 

The&e results indicate that Probe is not satlstao- 

tory for me&suring beni rates of heat transfer. It is 

relatively insensitive to ohnges in h. It w&s noted dur- 

ing the experiment that a change of two in h caused a cur- 

rent ohanße of only 0.05 milliamperes, and the mil1iameter 

could only be read to only ± 0.01 milliamperes. This rep- 

resents an error in (hB) of 6 per cent1 and a000unt8 

somewhat for the considerable scattering of data. The In- 

sensitivity of Probe B is also seen from Figure 8 in which 

for a change In (h)av 150 to 240 (60 per oent), hA changes 

from 6 to 20 (23 per cent). 

It Is therefore concluded that the use of thermistors 

embedded In e surface Is not satisfactory for the measure- 

ment of local heat transfer coefficients when they re used 

as both the heat transfer surface end the temperature meas- 

uring element. 

Variation of oonductlon and rediatlon losses with heat 

transfer coefficient. Figure 9 ShOWS a plot of the average 

heat transfer coefficient as messured by Probe A against 

the ratio of conduction losses to total heat input for a 

typical thermistor bead (bead No. 1). 

The ratio of losses to total heat input were oalou- 

1ted from the following equation. 
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where 
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+ rad. - i - 11AAB(tB - ta) (31) 

+ rad. heat lose by oiiduot1on and 

radiation 

- total mea5ured heat input to the bead 

The plot 1niaates that the oonduotion and radiation 

loases are high based on the aoeítioient netaured by Probe 

A. They decrease with increasing heat transfer coefficient 

as would be expected from equation (31). When the heat 

transfer coefficient is equal to zero all heat would be 

transferred by oonduotlon and radiation, and the ratio of 

theee to total heat input would be unity. This result is 

obtained by extrapolating the line in Figure 9 to zero. 

It must be emphasized that the amount of heat con- 

duoted into the plastic is not actually as large aa that 

indicated because of the higher value of heat transfer co- 

efficient on the thermistor to that existing on the foil. 

Probe G 

In relating the heat transfer coefficient measured by 

Probe A to the fictitious heat transfer coefficient calcu- 

lated for Probe C, the fictitious heat transfer coefficient 

was based on the convection surface area of the thermistor 



51 

and the copper washers. This was done 81110e the copper 

washers with their h1h thermal conductivity would have a 

surface temperature close to that of tue wa8her thermistor. 

They would also tend to make the temperature distribution 

in the thertilstor more un1foxn. The flotitlous heat trans- 

fer coefficient Was calculated fron equation (28). 

= (28) 
- tal 

Since the thermistor indicated an average temperature, the 

temperature difference used is not the true difference be- 

tween the air and the thermistor. 

Variation of fictitious heat transfer coefficient with heat 

transfer coefficient measured by Probe A. Threo seta of 

heat transfer coefficients were obtained in the wind tunnel 

tests as shown in figure 10. The two ourves and one point 

shown represent different Initial heat inputs to the ther- 

mistor. The beat transfer coefficient was changed by 

changing the air flow rate in the wind tunnel. 

It le apparent that the calibration of the washer 

thermistor 18 dependent upon heat input. This means that 

by holding h constant, h0 or Its equivalent q/ A(t-t) 

Is not constant. This occurs beosuse is removed from 

the thermistor by convection, conduction, and radiation. 

At constant air flow rate, the heat transfer coefficient, 
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of the heat input to the thermistor. As 

- ta) increases (at constant hA), end it 

therefore that a unique relationship be- 

ta) would exist at constant hA. Thus 

C are plotted In FIgure 11 as q versus 

Variation in temperature difference with heat Input at 

constant heat transfer coefficient. In ligure li the open 

circles represent data obtained in the del heat exchanger, 

and the closed circles are those obtained In the wind tun- 

nel. The numbers on each point represent the values of hA 

obtained from Probe A. A definite trend la evident in 

terms of hA. The three lines on the lower right of Figure 

11 represent constant values of hA, and a calibration of 

the probe In the wind tunnel. 

The data obtained in the model heat exchanger are not 

nearly as consistent as that obtained in the wind tunnel. 

From the heat exchanger data tentative calibration lines 

are drawn for values of 8.0, 10.0, 13.7, and 17.0. A nt- 

ber of points, however, are not in the oorreot position 

with respect to these velues. In the wind tunnel the 

probes were extosed to a flowing stream which was rein- 

tively uniform, and the turbulence level was quite low. 

However, In the heat exchanger the probes were In a flowing 
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atrein between two baffleB, and there waa ooneid.rable diB- 

turbanoe due to the battles and adjacent tube8. Consider- 

able variation of the looal ooeftioient around the tube 

occurred it the tube was not exactly centered with respect 

to adjacent tubes and the baffle orifice. This could be 

detected and corrected for on Probe A. However, the varia- 

tion around the tube could not be detected on Probe C, and 

in some osees lt may have been eooentrio with respect to 

adjacent tubes, and not in the some geometrical position as 

Probe A. 

In the heat exchanger local coefficiente change rapid- 

ly with distance, and the washer probe actually measures an 

average coefficient over Its area. In positions where 

Probe A shows a change of local heat transfer coefficient, 

say from five to seven over a relatively anali distance, 

Probe C indicates a relatively email change. 

It is oonoludod that Probe C would be satisfactory 

for measurement of average coefficients around tubes in 

flow systems where the flow Is uniform, and not greatly 

disturbed bî adjnoent surfaces or in posit1on where the 

ooeff laient is not changing rapidly over the surfaoe. 

This situstlon existed In the wind tunnel experiments1 

and consistent calibration curves were obtained 
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CHÀPThR VIII 

SUMMARY OF RESULTS 

The investigation of the use of temperature sensitive 

resistors as a means of measuring local heat transfer co- 

efficients has resulted In the following conclusions. 

The two probes, Probe B and Irobe C, have been corn- 

pared with a standard heat transfer probe, Probe A, to de- 

termine their suitability for measuring local heat trans- 

fer coefficients. Comparisons were made at identical 

positions and flow rates. 

Probe B, which oonsisted of a number of individual 

thermistors embedded around a cylinder, was shown to úe 

too insensitive to ohanges in heat transfer coefficient 

measured by Probe A to obtain an accurate calibration. 

The result Indicated that a large portion of the heat gen- 

orated in the thermistors WRS lost by conduction rather 

than by convection assuming that Probe B and Probe A were 

exposed to the seme heat transfer coefficient. It was 

therefore concluded that the use of heated thermistors 

embedded in a heat transfer sensing probe would not be 

suitable for use in measuring local vslues of heat trans- 

fer coefficients. 

Probe C which used a relatively large heated washer 

thermistor was shown to be suitable for measurement of 
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average heat transfer ooeff1o1ent fround tubes in flow 

systems where the flow i8 uniform or where the coeffiolent 

is not ohAnging rapidly with d1tnoe. Probe C would re- 

quire on1ibrt1on at several power inputs ana ranges of 

known heat tronsfer coefficients. lt would be advantageous 

to ue Probe C under the cbove conditiona, however, because 

of its fest response time, and the simplicity of its con- 

struction and the associated measuring system. U8e would 

only be possible if a means of oalibrating the probe were 

available. 

It is concluded that the use of temperature sensitive 

resistors es used in Probes b and G would not be suitable 

for measurement of local heat transfer coefficients in a 

baffled heat exchanger. 
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NOMEN CLT UBE 

A Area of heat transfer, square feet 

Measured area of Probe B 

Measured area of Probe C 

h Local heat transfer coefficient 

Average heat transfer coefficient measured by 

Probe A 

Local heat transfer coefficient measured by 
probe B 

(hB)ay Average heat transfer coefficient measured by 
Probe B 

he Heat transfer coefficient measured by Probe C 

I Direct current supplied to thermistor 

i Direct current supplied to resistance ribbon 

k Thermal conductivity of resistance foil 

P Power, watts 

q Heat transferred, Btu/hr. 

Heat transferred by a Probe B thermistor 

Heat transferred by a Probe C thermistor 

Heat loss by conduction 

Heat loss by radiation 

R Resistance, ohms 

S Length of resistance ribbon 

T Temperature, 0R 

t Air temperature, °F 



5g 

Tempereture of Probe B thermistor 

t Temper8ture of Probe C thermistor 

w Width of resistance ribbon 

z Thickness of resistance ribbon 

o'. Temperture coefficient of resistance 

Constant characteristic of thermistor material 
Specific resistance 
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Table I 

C.ALIBRA.T ION RESISTANCES AND TEMPERATURES 

Thernilstor Temperature Resistance 
No. 0R Ohms 

Probe A 

1 560.0 59768 7750 t 100 

2 60214 
3 6143? 
4 64076 
5 64076 
8 66420 
7 60054 

Air 
temperature 8 59768 

Probe B 1-8 560.0 58,000 t 200 7750 t 100 

Probe C 538.9 482.7 7160 t 100 



Table II 

MEASURED CONVECTION AREAS 

Thermistor Average Diameter Area - 
No. cm. ft. 

Probe B - Hole Area 
1 0.160 0.0000217 

2 0.143 0.0000171 

3 0.147 0.0000163 

4 0.140 0.0000165 

5 0.137 0.0000159 

6 0.150 0.0000159 

7 0.130 0.0000190 

8 No measurements made with this 
thermistor because of bad connection 

Probe C 

0.750 0.0102 



Table III 

PROBE B - CALIBRATION IN MODEL HEAT EXCHANGER 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (1O)* 
Run 
No. i 2 3 4 5 6 7 ta hA 

399 tB 73.88 79.61 72.84 73.88 73.88 75.87 72.84 60.33 15.77 
llß 167.6 175.5 208.8 220.5 228.8 211.1 201.1 

400 73.88 78.70 72.84 74.89 74.89 76.84 74.8v 60.33 14.75 
167.6 179.7 208.8 211.2 219.2 204.2 183.4 

401 74.89 80.93 73.36 75.87 75.38 77.31 74.89 60.33 16.16 
160.6 170.3 203.6 203.4 214.9 201.1 183.4 

402 7587 81.36 73.88 75.87 75.87 78.25 74.89 60.33 16.93 
157.7 171.2 203.2 207.4 215.2 199.0 187.2 

403 77.78 86.24 76.84 77.78 77.31 80.49 76.84 60.33 14.60 
147.8 157.9 180.7 194.4 204.7 187.7 174.0 

404 78.70 89.22 78.70 78.70 78.70 82.21 77.78 60.59 12.9? 
145.9 154.3 173.1 192.0 199.2 183.2 171.4 

405 78.70 92.69 80.49 80.49 82.21 86.24 78.70 60.59 10.37 
145.9 150.4 165.2 183.2 183.2 171.6 166.? 

*Bsrfle geometry, tube pitch, bff le orifice size, exact probe positions, and 
individual local heat trnster coefficients are listed by Narayenen (9) under 
the corresponding run numbers. 



Table III (Continued) 

Ll) (2) (3) (4) (5) (6) (7) (8) (9) (10) 

406 79.61 98.34 83.05 82.21 83.05 89.00 79.61 60.59 8.19 
142.4 147.4 156.6 176.5 180.3 169.9 162.6 

40? '79.65 80.58 80.58 80.58 81.49 85.78 ?9.65 60.59 7.81 
128.? 159.6 149.1 165.4 168.2 156.2 147.0 

408 77.7e 79.65 78.70 78.70 79.65 84.12 78.70 60.59 7.47 
135.i 163.3 15b.6 173.7 175.6 160.1 150.8 

409 80.52 81.39 81.83 80.96 81.8 8?.4E3 80.07 60.59 7.35 
135.8 169.0 156.5 176.9 180.1 164.9 156.8 

410 79.63 8u.54 80.54 80.54 80.98 86.80 79.63 60.59 7.72 
135.5 168.1 157.1 174.2 178.9 162.1 154.7 

411 77.76 80.54 78.70 78.70 79.63 8.5.15 77.7b 60.59 10.18 
142.9 168.1 164.7 182.7 184.9 171.3 163.2 

412 74.89 79.61 73.88 75.87 76.84 77.78 74.89 60.59 13.73 
166.9 180.7 207.2 210.9 211.2 204.8 190.6 

413 75.87 79.61 73.88 76.84 76.84 77.78 74.89 60.59 12.91 
160.3 180.? 207.2 203.6 211.2 204.8 190.6 

414 74.63 79.16 ?4.3 75.84 76.33 78.24 83.52 60.59 16.25 
166.9 178.4 197.9 206.0 209.9 197.0 146.0 

415 74.33 80.07 74.33 76.33 76.33 77.77 74.33 60.59 16.04 
166.9 174.3 197.9 202.3 209.9 199.9 190.6 



Table III (continued) 

Li) (2) (3) (4) () (6) (7) (8) (9) (10) 

416 74.84 80.0? 73.82 76.33 77.30 78.24 74.33 80.59 18.75 
163.2 174.3 202.8 202.3 203.0 197.0 190.6 

417 74.33 80.0? 74.36 76.33 77.30 8O.)? 74.i34 60.59 17.09 
166.9 174.5 197.9 202.3 203.0 187.4 186.4 

418 75.80 80.54 75.30 97.76 77.76 8.99 78.70 60.59 16.25 
15t.0 168.1 185.1 188.0 195.0 168.8 158.7 

419 77.76 82.30 77'/6 78.70 80.54 84.81 79.63 60.59 13.68 
142.9 161.8 169.5 182.7 180.8 166.6 154.7 

420 77.76 82.30 78.70 79.63 81.43 86.41 80.54 60.59 12.02 
142.9 161.8 164.7 178.2 177.2 162.9 151.3 

421 78.70 82.30 77.76 79.63 82.30 86.41 80.54 60.59 9.65 
138.9 161.8 169.5 178.2 174.0 162.9 151.3 

422 79.63 81.43 77.76 78.70 8C.54 87.19 79.63 60.59 9.19 
135.5 164.8 169.5 182.7 180.8 161.4 154.? 

423 79.63 823O 78.70 79.63 81.43 87.9t 79.63 60.59 8.93 
135.5 161.8 164.? 178.2 177.2 160.0 154.7 

424 79.63 81.43 78.70 78.70 81.43 87.96 79.63 60.59 8.96 
135.5 164.8 164.7 182.7 177.2 160.0 154.7 

425 79.63 82.30 78.70 79.63 81.43 87.96 60.59 9.51 
135.5 161.8 164.7 178.2 177.2 160.0 0) 



Table III (Continued) 

(1) (2) (3) (4) (5 (6) (j (8) (9) (101 

426 78.23 81.01 78.23 79.18 80.10 84.4? ?8.23 60.59 11.20 
137.4 1t2.l 162.9 175.8 178.1 163.3 156.9 

427 75.25 80.10 74.21 76.27 76.27 77.26 75.25 bo.59 14.60 
152.5 165.6 189.3 192.8 200.1 193.3 174.2 

428 74.79 80.54 74.79 76.79 76.79 77.76 74.79 60.59 14.67 
159.5 168.1 189.2 194.1 201.4 195.0 182.2 

429 71.78 76.84 69.58 71.78 72.84 70.70 71.78 59.08 16.13 
172.b 179.8 23.5.1 ¿27.1 223.9 250.1 197.2 

430 70.70 75.8? 69.58 72.84 72.84 91.78 71.78 59.08 14.41 
183.2 18b.2 233.1 215.7 223.9 235.6 197.2 

431 71.78 76.84 71.78 72.84 72.84 71.78 72.84 59.08 16.62 
172.6 179.8 204.? 215.7 223.9 235.6 187.3 

432 72.32 76.84 71.78 72.84 73.36 72.84 72.84 59.08 21.76 
168.1 179.8 204.7 215.? 218.8 22.9 187.3 

433 75.34 77.30 73.29 74.33 75.34 75.84 74.84 59.08 14.62 
145.0 173.1 18b.0 197.8 197.9 194.o 18.5 

434 76.33 78.24 75.84 ?b.33 77.30 77.30 76.33 59.33 11.9e 
142.4 171.0 171.6 187.3 188.7 188.7 162.6 

435 75.34 78.24 75.34 76.81 78.70 78.24 76.81 59.33 10.11 
147.2 171.0 174.5 184.5 181.7 183.9 160.2 



Table III (Continued) 

(1) (2) (3) (4) (5) (6) jj (8) (9) (10) 

436 75.79 73.23 76.30 76.79 78.70 78.70 77.76 8.31 
130.9 166.8 164.9 180.1 177.6 177.6 152.1 

437 77.0 78.24 77.30 77.7? 79.16 8O.7 '78.24 b.33 7.49 
130.3 171.0 164.0 179.5 179.7 176.1 15.9 

438 77.76 73.70 76.79 77.76 79.6Z 80.09 79.17 59.33 7.20 
1o.1 1t4.8 162.4 175.1 173.4 171.? 146.7 

439 75.34 77.30 75..'± 7t.3 78.24 ?8.34 77.30 5.33 7.20 
144.7 175.5 174.5 187. 18.9 183.9 157.9 

440 75.87 77.78 76.34 75.87 77.78 77.78 76.84 b.33 7.93 
143.1 177.4 170.3 194.8 190.8 1O.8 164.0 

441 74.33 77.30 73.33 75.34 76.81 76.33 75.34 5Ç.33 9.8]. 
152.9 175.5 1b8.8 193.6 191.4 194.3 16C.1 

442 75.34 76. 71.14 72.23 75.29 71.14 72.25 59.33 13.46 
147.2 180.7 211.0 220.8 217.9 242.9 191.7 

443 71.bO 76.79 72.69 72.o9 7.75 71.60 71.60 59.33 12.33 
169.3 193.? 189.9 210.6 208.4 231.0 193.3 

444 70.03 73.29 70.03 72.23 72.23 ?u.03 70.59 58.60 14.98 
178.4 192.5 211.5 208.9 216.8 243.5 197.2 

445 69.91 74.27 71.60 72.69 73.22 70.48 71.60 58.84 13.85 
179.1 183.7 193.0 203.2 206.0 236.1 185.9 



Table III (Continued) 

ji) j2) (31 jjL (J (6) (7) _ja) (9) (10) 

446 71.60 94.79 71.60 73.22 72.69 71.04 72.69 58.84 16.58 
162.8 180.2 193.0 198.5 210.8 228.? 176.4 

447 71.60 74.79 71.60 72.69 72.6e 71.04 72.15 58.84 17.53 
162.8 180.2 193.0 203.2 210.8 228.7 180.9 

448 74.33 76.33 93.82 74.33 75.34 74.84 74.t4 58.84 14.98 
148.0 175.6 179.1 194.7 194.9 198.3 166.0 

449 74.84 76.33 75.84 76.33 78.24 78.24 ?6..3 58.84 11.93 
145.3 175.6 166.6 182.0 179.3 179.3 158.1 

450 75.30 76.79 77.28 78.70 76.79 76.30 59.08 10.05 
141.6 160.1 175.1 175.0 184.3 156.5 

451 75.30 76.79 76.79 77.76 78.70 77.76 76.30 59.08 9.13 
141.6 171.3 160.1 172.8 1'/b.O 179.3 156.5 

452 75.80 76.79 76.79 77.76 79.63 78.70 76.79 59.08 8.22 
139.2 171.3 160.1 172.8 171.3 175.0 1b4.2 

453 95.80 96.79 76.79 77.28 78.70 98.23 79.28 59.08 7.79 
139.2 171.6 160.1 175.1 195.0 177.1 152.0 

454 95.80 76.79 76.79 77.76 79.63 78.70 77.28 59.08 7.98 
139.2 171.3 lbO.1 172.8 171.3 175.0 152.0 

455 96.33 77.30 77.30 78.24 79.16 97.77 77.30 59.08 8.36 
140.4 173.1 161.8 194.9 177.5 183.8 155.8 



Table III (Continued) 

11) (2) (3) (4) (5) (6) (7) (8) (9) (10) 

456 77.30 78.24 80.07 78.24 79.16 77.30 76.33 59.08 10.28 
136.4 168.8 151.2 174.9 177.5 186.2 160.3 

457 72.23 79.16 72.23 73.82 74.33 72.23 73.29 5t.O8 14.03 
164.7 165.0 195.3 201.9 205.3 224.8 179.2 

458 73.29 76.33 71.14 73.29 74.33 71.69 72.23 59.08 13.55 
156.9 178.1 206.7 206.3 205.3 231.0 188.1 

527 71.78 70.70 71.78 73.88 73.88 71.78 72.84 
179.6 42.9 213.0 213.5 21.6 245.2 194.3 

528 69.58 68.43 68.43 71.78 71.78 b9.58 70.70 
187.9 257.9 241.0 218.7 226.9 256.4 200.9 

529 70.70 69.58 69.58 71.78 71.78 70.70 70.70 
183.2 249.5 233.1 227.1 235.6 250.1 209.3 

530 71.24 70.70 72.84 71.78 71.78 70.70 71.7e 
170.8 23.2 187.9 218.7 226.9 240.1 189.9 

531 91.78 70.70 72.32 73.88 73.88 71.78 72.84 
172.6 232.5 199.4 206.4 214.2 235.6 187.3 

532 73.88 71.78 73.88 74.89 75.87 74.89 74.89 
155.9 217.4 184.9 197.3 198.0 204.8 171.4 

5).58 22.95 

58.60 16.50 

59.08 19.20 

58.60 17.19 

59.08 15.10 

58.99 12.25 

o 



Table HI (Continued) 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (101 

533 74.89 72.84 74.89 74.89 75.87 75.67 73.88 59.08 11.14 
151.0 208.2 179.0 198.6 199.2 199.2 179.2 

534 75.87 73.88 75.8? 75.87 76.36 75.87 75.87 59.08 11.33 
145.9 199.1 173.1 191.9 196.1 199.2 166.7 

535 75.87 73.88 76.36 75.87 76.36 75.87 75.87 59.08 11.17 
145.9 199.1 170.4 191.9 196.1 199.2 166.7 

536 70.70 69.58 69.58 71.78 71.78 70.70 71.78 59.08 15.65 
183.2 249.5 233.1 227.1 235.6 250.1 197.2 

53? 72.23 72.23 74.33 73.29 73.2 72.23 73.29 59.08 14.15 
164.7 209.0 178.4 206.3 214.1 224.8 179.2 

538 73.88 73.88 74.89 7.88 74.89 73.88 74.89 59.08 15.96 
156.9 199.1 179.0 206.4 206.1 214.2 172.4 

539 75.87 72.84 72.84 73.88 74.89 73.88 74.89 59.08 16.96 
145.9 208.2 194.5 206.4 206.1 214.2 172.4 

540 75.8? 74.89 75.87 74.89 75.87 73.88 75.8? 59.08 14.82 
145.9 191.6 193.1 198.6 199.2 214.2 166.7 

541 78.70 75.87 77.78 77.78 78.70 76.84 77.78 59.08 11.05 
134.7 185.2 163.6 181.4 183.9 193.3 157.6 

542 77.78 77.31 78.70 77.78 78.70 78.25 77.78 59.08 10.48 
137.9 177.3 159.8 181.4 183.9 186.0 157.6 



Table III (Continued) 

(1) (2) (5) (j (2ì (8L (9) 

543 78.70 76.84 78.70 77.78 79.61 78.70 77.78 59.03 9.75 
134.7 179.8 159.8 181.4 180.1 183.9 157.5 

544 77.78 76.84 75.84 77.78 78.70 77.78 77.78 59.08 10.70 
13,7.g 179.8 168.0 181.4 183.9 l88. 157.6 

545 73.88 73.68 72.84 '7.88 74.89 73.88 73.88 59.08 14.40 
156.9 199.1 194.5 206.4 206.1 214.2 179.2 

546 73.75 72.69 73.75 74.79 75.00 73.75 74.79 59.58 25.15 
155.4 207.1 184.2 195.8 195.8 212.0 170.1 

5417 71.14 70.0 70.59 72.23 72.2 71.14 72.23 59.0E 15.58 
174.3 236.4 213.4 216.6 224.3 237.9 188.1 

548 71.14 70.03 70.59 72.23 72.25 71.14 72.3 59.08 ie..90 

174.3 236.4 213.4 216.6 224.13 237.9 188.1 

54g 71.69 70.03 71.14 72.77 73.29 72.23 72.23 59.08 17.35 
169.3 236.4 206.7 211.2 214.1 224.8 188.1 

550 76.29 70.03 73.29 74.33 75.34 74.33 74.36 59.08 13.78 
156.9 236.4 186.0 197.8 197.9 205.3 171.8 

551 75.34 71.14 76.33 76.33 76.33 75.34 76.33 59.58 10.69 
149.5 230.7 171.3 190.0 197.2 204.1 165.0 

552 75.8? 71.78 76.84 75.8? 77.31 76.84 76.84 59.58 9.12 
150.4 227.9 172.8 197.8 196.0 198.9 166.4 



Table III (Continued) 

(1) (2) (3L _ (4) () (6) (7) (8) (9) (10) 

553 74.89 73.88 75.87 74.89 75.87 ?.8? 75.8? 59.08 9.67 

151.0 199.1 173.1 198.6 199.2 199.2 166.7 

554 74.89 72.84 74.89 74.39 74.89 7.i.88 73.88 59.08 11.63 

151.0 208.2 179.0 202.3 206.1 214.2 179.2 

555 71.78 71.78 71.78 72.84 72.84 71.78 71.78 59.08 14.40 

172.6 219.1 204.7 215.7 223.9 235.b 197.2 

556 72.84 71.78 71.78 71.78 72.84 71.78 71.78 59.33 14.28 

167.0 223.4 208.8 231.5 227.9 240.6 201.1 

55? 72.84 72.32 73.88 74.89 73.88 72.84 73.88 59.33 14.93 

167.0 217.4 189.2 201.7 217.8 227.9 182.2 

558 73.36 72.32 73.36 73.36 73.36 72.2 72.84 59.33 15.35 

163.1 217.4 193.4 214.5 222.6 233.8 190.7 

559 76.36 73.88 75.38 74.89 75.87 74.49 74.89 59.08 12.36 

143.7 199.1 175.9 198.6 199.2 209.1 172.4 

560 76.84 73.88 77.78 76.84 76.84 75.87 74.89 59.08 12.26 

141.6 199.1 163.6 186.3 193.3 199.2 172.4 

561 76.84 74.89 77.78 75.87 76.84 75.87 75.8? 59.08 9.83 

141.6 191.6 163.6 191.9 193.3 199.2 166.7 

562 77.78 75.87 79.61 77.78 78.70 77.7F3 77.78 59.08 9.84 

137.9 185.2 156.5 181.4 183.9 188. 157.6 



Table III (Continued) 

(1) (2) (3) ±41 I 5)__j j) _.LI _ LJJIL 
563 76.84 76.84 77.78 77.78 77.78 77.78 76.84 59.08 12.05 

141.6 179.8 163.6 181.4 188.3 188.3 161.8 

564 74.89 7.84 72.84 7o.88 74.89 72.84 7ó.88 59.08 14.08 
151.0 208.2 194.5 206.4 206.1 223.1 179.2 

807 70.14 70.14 69.01 70.14 69.58 70.70 70.70 60.23 3*4.64 
211.5 2b6.4 274.3 27b.1 3u1.2 277.5 262.2 

808 70.70 70.70 69.58 70.70 69.58 70.70 71.24 60.23 19.02 
20.3 2b8.l 2t1.7 267.4 301.2 277.5 224.0 

809 71.78 71.78 71.78 71.78 71.24 71.24 71.78 b0.08 i.9.11 
187..5 237.7 22.l 24t.4 264.1 264.1 216.9 

810 72.84 72.84 72.84 71.78 72.84 76.36 hu.08 Jb.45 
176.8 224.4 21b.6 23.6 25b.7 241.3 19b.8 

811 73.88 73.88 '/.84 76.36 76.88 74.39 74.39 b0.08 20.92 
168.2 213.5 20.7 226.6 229.6 224.5 187.9 

812 74.89 74.39 73.88 74.89 73.36 74.89 74.89 59.58 10.71 
155.8 201.7 192.5 205.0 225.6 212.7 178.0 

813 75.8? 75.87 75.8? 76.84 76.36 81.3 75.87 59.58 9.0 
150.4 190.8 178.3 191.6 201.9 177.8 171.7 



Table III (Continued) 

11) (2) (3) (4) j5) (6) (9) (8j (9) (10) 

814 ?5.87 95.38 74.89 75.87 76.3ó 74.89 96.36 59.58 7.86 
150.4 194.2 184.8 197.8 201.9 212.7 169.0 

815 76.84 75.8? ?6.3o 76.84 77.78 ?6.L34 76.3e 59.58 7.84 
145.7 190.8 175.4 191.6 193.4 198.9 169.0 

816 76.84 76.84 77.78 76.84 77.78 77.78 76.84 59.58 7.48 
145.? 184.9 168.0 191.6 193.4 193.4 166.4 

817 77.78 78.25 79.78 78.25 77.78 77.78 78.25 59.08 6.82 
137.9 173.0 163.6 179.3 188.3 188.3 155.7 

818 77.31 77.31 77.78 76.84 77.J. 77.78 79.b]. 58.60 7.74 
136.1 172.7 159.4 181.3 185.8 183.5 147.2 

819 75.38 75.38 74.89 75.87 75.38 75.8? 75.8? 56.50 8.57 
128.1 162.5 153.9 166.4 174.8 172.6 144.5 

820 73.88 73.36 73.88 73.86 74.39 73.88 73.8e 54.9? 12.80 
122.7 157.9 145.6 161.4 165.4 167.5 140.2 

821 73.88 75.8? 71.76 75.87 74.39 74.89 75.38 56.64 13.76 
134.6 161.7 l?1.o 167.5 181.0 178.4 147.3 

01 
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Table IV 

PROBE C - CALIBRATION IN MODEL ULAT EXCHANGER 

(1) 
Run 
No. 

(2) 

te 

(3) 

ta 

(4) 

tt8 

(5) 

qc 

(6) 

c 

(17)* 

hA 

603 60.38 58.36 2.02 0.838 40.5? 13.72 
604 80.38 58.36 2.02 0.836 40.57 11.75 
605 60.92 58.60 2.31 0.848 35.87 13.75 
606 61.18 58.60 2.58 0.866 32.93 15.0 
607 62.49 58.60 2.89 0.884 22.26 13.7 
608 64.19 58.60 5.59 0.911 15.9? 11.6 
609 6419 58.60 5.59 0.911 15.97 10.0 
610 84.BQ 58.60 6.38 0.930 14.28 7.15 
811 65.76 58.60 7.16 0.949 12.98 6.75 
612 65.76 58.60 7.16 0.949 12.98 6.50 
613 66.04 58.60 7.44 0.942 12.40 7.15 
614 64.8? 58.60 6.2? 0.914 14.29 7.45 
615 63.28 58.60 4.88 0.889 18.63 8.5 
616 81.73 58.80 3.11 0.835 26.33 10.9 
61? 62.14 58.80 3.54 0.863 23.89 10.6 

1056 104.78 72.46 32.32 6.08 18.44 10.54 
1057 121.33 72.08 49.24 6.99 13.92 9.75 
1058 134.98 72.16 62.82 6.12 9.54 8.05 
1059 125.52 71.86 53.65 5.68 10.39 7.65 
1060 126.01 92.31 53.70 5.74 10.48 6.71 
1061 125.80 72.31 53.49 5.65 10.36 5.26 
1062 125.03 72.68 52.34 5.63 10.54 5.10 
1063 89.85 72.38 17.47 3.67 20.60 11.40 
1064 92.98 72.21 21.?? 5.61 25.29 13.86 
1065 126.13 71.06 55.06 6.82 12.14 7.17 
1066 126.13 71.13 54.99 6.82 12.15 7.5? 
1067 124.71 71.13 53.57 6.76 12.38 9.37 
1068 133.40 70.92 62.48 7.25 11.3? 9.77 
1069 121.19 70.85 50.34 6.48 12.63 13.22 
1070 93.79 70.78 23.01 4.73 20.15 13.42 
1071 86.90 70.99 15.90 4.24 26.15 14.73 
1072 84.20 70.42 13.?? 4.04 28.80 16.86 
*Batfle geometry, tube pitoh, battle orifios size, exaat 
probe positions, and. individual local heat transfer co- 
efficients are listed by Narayenan (9) under the corre- 
sponding run rn.unbers. 
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Table V 

PROBE C - CALIBRATION IN WIND TUNNEL 

(1) (2) (3) (4) (5) (6) (7) 

Run 
No. tG ta tCta qc h0 

1 154 53.48 100.52 5.02 4.87 3.70 

2 139 52.42 86.58 4.60 5.35 4.9v 

3 127 52.59 74.41 4.53 6.00 5.42 

4 123 52.63 70.37 4.44 6.22 5.68 

5 122 52.70 69.30 4.48 6.37 5.90 

6 119 52.99 66.01 4.30 6.48 6.23 

7 118 52.94 b5.06 4.20 6.25 6.40 

8 11? 52.86 64.14 4.30 6.59 6.83 

9 92 53.08 39.92 0.98 1.96 6.83 

10 127 58.07 68.93 2.68 3.80 3.16 

11 119 56.23 62.77 2.36 3.68 3.92 

12 115 55.52 59.48 2.26 3.79 4.61 

13 111 54.45 56.55 2.15 3.76 5.33 

14 107 55.59 52.41 2.08 3.85 6.05 

15 105 55.40 49.60 2.00 3.92 6.8? 



Table VI 

PROBE A - HEAT TRANSFER COEFFICIENTS IN WIND TUNNEL CALIBRATION 

Thermistor Nber 
Run No. (1) (2) (3) (4) (5) (6) (7) (8) 

h1 h2 113 114 h5 h6 117 

i 3.95 3.84 3.87 3.73 3.36 3.45 3.69 3.70 
2 5.30 5.22 5.19 4.90 4.45 4.73 5.08 4.99 
3 5.80 5.66 5.59 5.30 4.88 5.20 5.54 5.42 
4 6.19 6.08 5.9 5.69 5.73 4.94 5.15 5.68 
5 6.05 5.05 5.57 5.98 6.09 6.10 6.01 5.90 
6 6.42 5.80 5.88 6.34 6.39 6.45 6.36 6.23 
7 6.62 6.01 6.04 6.45 6.59 6.61 6.50 6.40 
8 7.14 6.47 6.49 6.88 7.07 7.19 6.56 6.83 
9 6.93 6.76 7.10 7.06 6.44 6.58 6.97 6.83 

10 3.14 3.04 3.22 3.30 3.10 3.13 3.23 3.16 
11 3.87 3.86 4.12 4.19 3.82 3.74 3.82 3.92 
12 4.59 4.55 4.85 4.93 4.46 4.38 4.53 4.61 
13 5.33 5.31 5.62 5.5? 5.10 5.08 5.26 5.3 
14 6.09 6.03 6.31 6.31 5.85 5.79 5.99 6.05 
15 3.88 6.81 7.18 7.13 6.51 6.b7 6.93 6.87 


