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The f 

with em.l~nakS 011 aspects 

major sections. 

i.tself 

that 

need further discussion in order to faci"lltate repeti-

tion of subject tests or conduct related tests on 

this or similar equipment. Items which limit tbe 

accuracy of investigation ax-e d.iseussed with 

suggestions f;Or improvements in $ome cases. The 

second section describes the results obtained order 

that tbe proper scope and perspective will be used in 

eY.luat1~g these l1esults. 

Iguipmen't. 

The equipm.nt used for the subject investigation 

functionedapproximate17 a$ designs developed before 

the equipment was constructed indicated that it should 

funotion. Suggestions for some minor alterations and 

ilaprovements ,the need ioX* which was revealed by 

oonsiderable use of theequipaent. are included with 

the d1soussion. 

01 the air temperatures and flow rate was 

of primary importance. The blower us.. to supply air to 



the evaporator operated a:t about its' max111u1Il output 

and changes speed had little effect on the amount 

of air supplied. The damper used eontrol111'1g the 

air supply devia:t frOlil the preset 

desired air supply. Teilperature of tbe water to the 

chiller spray nozzles determined the temperature of the 

air leavl11g the washer. The water temperature wae con­

trolled by two globe valves,one for the hot water 

supply and. Olle for the cold water supply both of which 

chamber ahead, of 

the washer nozzles. valves used served 

adequate,ly for the purpose intended; however; if It 

needle valve bad beeD used on hot water supply 

line more ease of oontrol would ha.ve been obtained. 

Adjustments of the valves were required whenever there 

werecballges ill pressure or temperature of the hot or 

co14 water supply_ Thewatar chiller employed for con-

trolling temperature of the oold wateJ.' functioned 

very well and tbe coldwater temperature constant 

at the prescribed oonditions. The telltPerature of the 

water supply from the Virginia Institute 

power plant d.ld not var1 enough to cause difficulties. 

City water pressure varied. to requ.i.refrequent 

adjustment$of valves" A constant head 

standpipe installed the hot coldwater supply 
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lines would have been "n improvement 1n the ease of 

control and accuracy of the tests. 

It was necessary to measure the superbeat of the 

refrller.nt leaving evaporator and .aka the adjust-

m.ent. to obtain tbe preflcribedten degrees befo.re the 

rest of the test data could betaken. The method.u$ed 

for •• asuriag thesupe,rbeat would ha.ve been simplified 

1f an absolutepressUJ"e ,age had been installed at the 

exit of the evaporator rl;,~her, than using the. pressure 

gale measuring .8ag. pr,asufe at evapo .. ato'4IUltrance 

w1~h 4orrectioDfia,plied for pre.sure .drop,thraUlh 

the, evaperator ,and baro.etric pressure. The aethod of 

measuring superheat did. not result errors l)ut only 

in inConvenience and tbienecess,1ty of discarding a few 

of tl1etest pOints aite~ rechecking pr.l1I1inaJ7 calcula­

tions. 

the enthalp, of the S'Gfrlgeran1; entering the 

evaporator \fas taken as tbe entha.lpy of a saturated 

liquid at the t.llpeltatue of the refrigerant entering 

the evaporator. Intbalpy of tile refrigerant leaving 

the eVaporator was taken as the enthalpy of a super­

heated gas at the temperature and pressure of the 

refrigerant leavln, the evaporator. Temperatures 

lIeasured to determine these enthalpies were Ileasured 

by copper-Oollst&Dtan thermocouples soldered direotly 

to the outsid. of the tubes. Slnce there was three 
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el. blown ceram1e 

insulation around these thermocouples the tempera.ture 

of the outside of the tube could be taken •• the 

refrigerant ts.perature 

Appendix III 

the outside 

correction for 

t'llbes. 

differen.ce in 

refrigerant 

temperature for run one of the tested. Since 

this correction wl1s!nueh stualler experimental 

error it wa.not used. Tbe heat transfer to the 

evaporator was taken as theproQuct of the refrigerant 

weight flow and the difference of two enthalpies 

mentioned above. rotameter for measuring the 

refrigerant flow was calibrated and the calibra-

tion later cbeclted to determine thereproduc1bility of 

the instrument. These two calibrations indicated that 

there was lloa:ppreoiable error 

measurements. 

refrigerant flow 

The differene. the enthalpy of the air entering 

alld leaving the evaporator and air flow rate 'Was 

used as a second •• thod of measuring the heat transfer 

lnto the evaporator although tbis method of measuring 

heat transfer was not eonsidered accurate. Although the 

thermopiles calibrated a mercury in glass 

thermometer a.ocurate to within O.Oi degree there was thCit 

question as to what temperature they were actually 



measuring when placed in the air stream. There was a 

1i11$ of sight between the thermopiles m.easllring tbe 

temperatl.lre$ of air entering the evaporator and 

both evaporator electric h$aters. Radiation 

between the electric heaters and thermopile, and 

ev£tl)Orator If could possibly 

a COlltr1buting factor to temperature 

both cases tilsntiolled there was a 

stratificatioll eliminator to reduce the effect of 

radiation but to eliminate entirely. There was 

line of between the thermopiles measuring the 

air temperatures leaving the evaporator al'1a both the 

·evaporator and a wall room which. due to radia-

tion, was a source of error. ev,ry case 

where a thermopile was used the leads from thento-

pile were housed a one-.q'Parter inah copper tube 

eight end of the tube "wbich pro-

jectedthe duct submerged distilled water 

at approximately the same temperature as the dry bulb 

temperat'ure of the air the duct. Wbenthis water 

temperat'ure deviated slightly from the tenlperature of 

the air in the duct conduction of heat through the 

thermopiles could have been a 

source error. The duct was insulated well enough 

to eliminate tb.e possibility a temperature difference 
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between duct aud dry bulb thermopile sufficient to be 

the source of error in measurement of dry bulb tempera­

tures. Radiation between the duct and wet bulb therl10pile 

could have been a source of error. 

A com.bination of the above mentioned sources of 

error was not sufficient to cause errors of a large 

magnitude. However, the difference in the wet bulb 

temperatures of the air entering and leaving the 

evaporator, whieh was used in determining the enthalp1es 

of the all', was approximately five degrees with a little 

variation fo%' each diffel'ent run. An error of one-half 

degree in measuring each of the wet bulb temperatures 

could be responsible for the discrepancy between the 

capacity as determined by the two differel'.J.t methods 

mentioned above. 

A8the difference between the dry bulb temperature 

of the air surroundingtbe evaporator'and the tempera.­

ture of the refrigerant inside the evaporator tubes 

determined the heat transfer from a given evaporator area 

and coefficient of heat transfer, and since the difference 

was large co.pared to the one-half de~ee error in 

measuring air temperatures 'this error in air dry bulb 

temperature of one-half degree was not significant in 

comparing the heat transfer from two different 'coils at 

the slightly d1fferent air temperatures. 



Tile accuracy required for the investigation made 

it necessarJ to have lIanual control of the condenser 

water flow and expansion of the refrigerant since 

automatic control with accuracy and flexibility 

required were not available. Completely satisfactory 

resul ts were obta1ned with tbe c(ultrols; bowever, they 

were of suCh a sensltltrenature as to require much care 

operation to prevent liquid refrigerant irom enter­

ing the evaporator. 

~~ults 

data taken during th:l$ investigation is pre­

sented 1nTables 1 through 5 in tabular for. and in 

Figures 15 through 18 in graphical fora. Figure 15 

sbows heat transfer to the evaporator a.s a function 

of suction press\'tr6 leaving the evaporator. It is signi .. 

ficant to note that the capacity varies linearl, with 

suction pressure. Fora variation in suction pressure 

from. 44 S8 pounds per square incb absolute the 

capacity varies from 182 to 120 Btu minute for the 

evaporator with .smoott! tube$. ror a. variation suction 

pressure from 48 to 58ps:1& the capacity varies from 

200 to IS7 for the evapo:t'ator with rough tubes. 

As explained in the review of literature it was 

desirous to increase the temperature of the refrigerant 



inside the evaporator tubes. For equal capacity of the 

two evaporators aentioned above figure 11 shows that 

there was a greatersllct10n pressure anQ.correspond1ngly 

greater saturation temperature of the refrigerant 1n the 

evaporator with rough tubes than in the evaporator with 

smooth tubes. 

For every test conducted the conditt.as of thea,1r 

entering the evaporator was held oonstant at6? degrees 

fahrenheit wet bulb and. SO degrees fahrenheit dry bulb 

with an air f10" of 500 cubio feet per minute at a 

velocity of 300 feet per minute. Since the evaporator 

with rough tubes absorbed more heat than the evaporator 

witb smooth tabes the temperature of the air leaving the 

evaporator wi th rough tubes wa~" lower than the tempera­

ture of the air leaving the evaporator with smooth tubes. 

lince this resulted in a smaller true mean temperature 

difference for the evaporator witb rough tubes, the 

increase in the over-all coefficient of heat transfer 

for 'this evaporator was greater than the increase in 

heat transfe),- for this evaporator. 

Within the 11~llits of experimental accuracy-the 

pressure drop through tbe two evaporators 1s equal, 

varying linearly from 4: to 5.5 inohes of m.ercury for a 

variation in refrigerant flow from, 2.80 to' 3.28 pounds 

per m.inute. 
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J'lgure 16 is sim11a~ to 

average nr'Bssure was 

15 except that the 

rather than 

Sl.lct1on pressure leavillg evaporator. latter 

is actually ~nore illg performance 

the complete machine it is 

seldom because the average pressure in an evapora--

tor is known. 

two cv.rves above and 

the curve of pressure drop as a of refrigerant 

tlowit can seen that the evaporator with 

longitudinal grooves has iluproved heat transfer 

characteristics withou.t an increase pressure drop. 

As mentioned in the review of literature an increase in 

pressure drop is characterized by turbulenee whlch 

results in greater heat transfer. Inasmuch as there was 

no increase in pressure drop through the evaporator 

with the longitudinal grooves 'the increase in beat 

transfer was probably eau:sed primarily an increase 

in the area of: the inside surface. 

Figure 18 shows the p:ressu,re drop through the 

evaporator as a function of' distance of travel of the 

refrigerant through the. evaporator. *lithia curve shows 

tbat tbere was a smaller drop pressure 01 the 

refrigerant in tb.e section whellte the refrigerant entered 

than ill the exit section .. 1'this is to be expected since a 

smaller per oent of the refrigerant has evaporated 1n 
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this first sect10nthan in a latter section whioh 

results in a hlg;her density of the refrigerant in the 

first section with a correspondingly lower velocity. 

This indicates that there 1s some possibility that 

design of the evaporator could be improved by using 

larger tubes in the latter section of the evaporator. 

If a comparison is made of the saturation tem.pera­

ture of the refrigerant, as detenlined by the pressure 

measured by pressure taps on the return bends, with the 

temperature actually measured at this point it would be 

;found that the tem.perature as measured by the thermo­

couples will be approximately one degree higher than 

this saturation temperature. Neither the temperature 

or the pressure measuring devices were believed to be 

in error enough to canse any appreoiable part of this 

discrepanoy. Both the straight sections of the tube and 

the return bends were made fro.. one-half inch outer 

dlameter copper tUbing. Due to the ,.reater thickness of 

the tubing used to make the bends, and also cine to the 

fact that in bending the tube for these bends there was 

an appreciable decrease incross sectional area of the 

bend, there. was a smaller area. for flow where pressure 

was measurfid than for the straight section of the tubes. 

Although this 4ecrease in pressure was accompanied by a 

decrease tn sa.turatioD temperature, both effects were 
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limlted to a very small section of the tub.; whereas 

the temperature actually 1!leasured was governed by the 

temperatul--e of the refrigerant in a larger section of 

the bend which had a lesser venturi effect. 
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v_ IUMMlBY 

The object of this investigation "&.8 to build the 

necessary e4u1pment and conduct tests to dete~1ne 

quantitatively the effect of internal tube roughness, 

in the form of reproducible parallel ,rooves, on the 

heat transferred into an eva.porator and tbe pressure 

drop through the evaporator. 

A water chiller, mi-xing tank, electric heaters, 

air washer,and blower were used to s\lpplyair to the 

evaporator at a controlled wet and OI'Y bulb temperature. 

The quantity of·thls all' 8upp1, W&$ controlled by a 

da.per and measured bya nozzle and a differential 

manometer. 

The ·evaporator was ineorporated as a part of a 

complete refrigeration cycle inoluding a re.ciprocating, 

hermetically.ealed compressor~ water cooled. condenser 

with manual controls, liquid receiver, oil filter, and 

a manually oontrolled expansion valve. 

Copp.r.,co~stantan thermopiles were used for 

tlleasurementofair wet and dry bulb temperatures 

enter1ngand lea.ving the evaporator. Copper~constantan 

therl1ocouples were used for measuring refrigerant 

temperature. Refrigerant flow was aeasured br 

a ca11bratedrotameter. Suction pressure entering the 



evapo'ratol' was .e~aS\a'etG by a nnlll~yte'j~('n'l pr:e.sure 

an. pr~eSI.Ul"c. drop T.fJJf'Cljurn ••• pora tor was 

•• asureda mA1f1'111it:'I!Jt"l\tV ma:.llOJl.1~.r wttba y&lve and 

'l __ IUlA".V"',~ a:rl'l~nZem~nl'l so that Dr1e •• ntl'e (lropat various 

evapOrate).'; could ..... ur.d. 

all test. all" t.aperature 

evaporator was Iteld 

bulb and '8 degrees dry ;~lb. 

ltd:""'.iI1l~fta wet 

1'.'Z'i" .... t was 

superheated 1,0 decree. leay1n, evaporator for 

all test. GOndU4ted.· Infe ••. ation nec •• suy 

beat traa.'.'l"red f.oa t.he evapoa-a.tor b, 

eyapo~ator t •• te4. Aa a check th1s heat t •• as'er 

lDfo~.atl.ll necuJS.ar,to the .llthalTl, chance 

of tkeal" passing &0.,0 •• the evaporeto.- ".s 

rleasul".(l for all tests. 

It was 'oua. tbat tn •• "aporator8 wlth 

.v.poratozt8 \'11th t'll". without an 1nerease 

p""ure ."011 tbl"oU·lh the •• apor.tol' whell both of the 

evap.or.tors coataiaed the I'efrl,."antat sa.e 

t •• peratUJleSI dear ••• aBd were supplied "ltb tbe 

same Quantit1 of air at tbe .a.. teapel.'.ture. 
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Yl. COJl,?LVSIORS 

Test conducted to determine the beat trusfer froll 

and pressure drop through two simi.lar direct expansion 

evaporators "lth different internal tube roulIlness led 

to the followilll copclusionst 

1. An evaporator coatainin, sisty internal 

longitudinal fins per tube had 21 per ceDt .ore 

heat tral1sfer than a similar evaporator with 

smooth. tubes when both of the evaporators contained 

the refrigerant at the sa1ft. average te.perature of 

38 degree. and were loaded with an air supply of 

100 cubic feet per mi.Dute I 100 teft per minute face 

yelocit1. and a. wet and. dr,. bulb temperature of 

61 degrees and 80 «egrees respectively. 

I. The per ceRt increase in beat transfer 

mentioned above decreased linearly to 15 per cent 

as the refrigerant temperature was increased, to 

48 tI.grees. 

3. The pressulfe (iro. through tile two evapora­

tors was equal for equal refrigerant flow. 
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"cOlImGlldations for modifications and use of the 

equipment used for this lnve$tigatton wel'e .ineorporated 

in the discussion of the .,\tipment. It 1s recommended 

that the following related tests be conducrtedt 

1 •. Addltional tests todeterlltlne the eftect 

of iuternal. tuberou,aness on the oapaoltyof and 

pressure dropthJJough the evaporator should be 

cOJiducte. to determine the optiaull condition of 

theiaside wall 01 the tube for best heat transfer. 

:I. Tests to .etel1iline the effect ofoll 

cireulat:lngw:ltb the refrigerallt on the capacity 

of the evaporator should be conducted. 
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1. Botameter Calibration 

I. ThermopileCalibratlon 

3. Refrigerant Temperature Correction 
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This calculation, making the followlng .... uaptioflS 

and approximations, is inoluded to validate the .ssump­

tion that the refrigerant te.perature 1nside the 

evaporator .can be taken· as the temperature of the 

outsldeof the tUbe without introducing all error as 

lal"ge as the expert.ental erJ'or. 

1. Beat transfer lsass~ed to be through a 

stra11ht composite wall. 

2. The innerfl1m coefficient is assumed to be 

a miaia1ila 01 100 Btu.!br-ft2- o,. 

3 .• The· outei' fil. eoefticient (hc ) 1s assumed 

to be 1.11 Btu/hr-ft2 .. o •• 

4. The ooeffict,ent of thermal conductivity (k1) 

for the ODe inch (L,1) thickness ()f oork 

lmsulatlon t.. 0.30 B.tulhr-ft2- Of/l:o. .• , 

5. Tbe coetficlent()t theraalcondueti,vity (kl) 

altha tllr.. 1.ncb (La)thlcknessofbl0wll 

cel'U11c lnsulat.lonis 0.17 Btu/h.-.ft2.or/iu. 

6. Temperature of the air (ta ) surrouDding the 

evaporator 1870°' aDd tbetemperature of 

the tube wall . (Tt ) is 41.750,. 
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The over-all ooefficlentof heat transfer exelud­

ing the inner fl1111 and neglecting the copper tube is 

given b7: 

.. ~1~---=~1~~~~.""='2'="7 .. 0.0751311 

Btu/hr-ft2 .. or 

Tbe heat transfer per unit area. (Q/A) is given 

(Iquatioll 2) 

.. 0.0711371 ('10.0 ..... 41.75) • I ll l11623 

Btu!hr-ft2 .. or 
Tbe heat transfer per unit area is also .i ••• by: 

~ ,; , , 

(Iquatloll 3) 

"beret Tr Is the temperature of the 

refrigerant adjacent to the 

inside of tbe tube. and the 

copper tube is neglected. 

Substituting the values for Q/A and bo andsolv:lng for 

the quantity (tt-Tr) givest 

(1' -'f) .. 1.112623 .. 0.02 cr 
t r ·100 

Sinoe this difference between tile refrigerant 

temperature anet the temperature of the tu.be wall 1s less 
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than the experim.ental erl'or 1n measurements of the tUbe 

temperature the correction is not Used. 




