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CHAPTER 1. INTRODUCTION 

For the past five decades, CFCs (chlorofluorocarbons) and HCFCs (hydrochlorofiuoro-

carbons) have been the piimary working fluids for the majority of the vapor-compression 

refrigeration devices in service. CFC-12 has been by far the most common refrigerant for 

devices such as household refrigerators and freezers, window air-conditioners, and automobile 

air-conditioners. CFC-11 is commonly used in large chiller units which produce chilled water 

for the cooling of large buildings. CFC-11 is also used as a secondary heat transfer fluid. The 

popularity of these two refrigerants stems from the fact that these substances are non-toxic, 

inexpensive to produce, easy to handle, and compatible with many common materials. These 

fluids were once thought to cause no harm to the atmosphere. However, CFCs have been 

found to destroy the Earth's protective ozone layer, and current mandates require that all new 

refri<;er?tion couipment produced after 1996 must use an ozone-safe refrigerant. 

HFC-134a is the current choice to replace CFC-12. HFC-134a has similar thermody

namic properties to those of CFC-12, is compatible with the materials commonly used in 

refrigeration equipment, is non-toxic, and has no ozone depletion potential. HFC-134a is 

already being used in some appliances, and several automobile and heavy equipment manu-

fartnrpr<v Hpvp pirpaHv tn iH[p^C~I342. for 3,ir-cond.itiGnin2 uss. 

KCFC-i23 is the interim choice to replace CFC-11. Since HCFC-123 has a small, but 

non-zero, ozone depletion potential, its use may be restricted in the future. HCFC-123 is one 

of the few fluids with therm.odynamic properties sim.ilar to those of CFC-11. HCFC-123 is 

not without drawbacics however. HCFC-i23 is not companbie with many of the elastomers 
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and plastics currently used in the refrigeration industry. The allowable exposure limit for 

HCFC-123 is 30 ppm, which is significantly lower than the allowable exposure limit for HFC-

134a, which is 400 ppm. Despite the drawbacks, engineers have found suitable solutions 

to the compatibility and toxicity problems, and refrigeration units utilizing HCFC-123 are 

commercially available. 

The purpose of the present study, which was sponsored by the American Society of Heat

ing, Refrigerating and Air-Condidoning Engineers (ASHRAE), was to obtain experimental 

perfonnance data for the condensation of HFC-134a and KCFC-123 on enhanced tube sur

faces. ASHRAE commissioned this study to fill the current void in the shell-side condensation 

data base regarding HjFC-134a and HCFC-123. 

The data collected in this study will be used in several ways to aid engineers who design 

shell-and-tube condensers. First, the data will be used by the engineer to determine the 

condenser size necessary for a given condensing load. Secondly, the data will aid the designer 

in choosing a tube geometry for a particular refrigerant and heat flux. Thirdly, the data can be 

used to compare the performance of HFC-134a and HCFC-123 to CFC-12 and CFC-11 for a 

pardcular tube geometry and heat flux. These comparisons are necessary when engineers are 

involved in the of nrp.<senr pnninm^nr O  1  • •  ~  ~  

Scope of Research Project 

The study described in this document was pan of a larger ASHRAE research project 676-

RP "Experimental determinadon of shell-side condenser bundle heat transfer design factors 

for Refrigerants R-123 and R-134a". The portion of 676-RP described herein was concerned 

with finding the effect of heat nux and tube geometry on the shell-side heat transfer coefficient. 

Shell-side condensation heat transfer data were obtained for altemanve refrigerants HFC-

134a and HCFC-123. Data for conventional refrigerants CFC-12 and CFC-11 were also ob
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tained for comparison purposes. The tube bundles used in this study were constructed from 

19.1 mm (0.75 in) o.d. 1024-fpm (26-fpi), 1575-fpm (40-fpi), Turbo C-II, and GEWA SC 

tubes. These four tube geometries are the most commonly used in shell-and-tube refrigerant 

condensers. The tube bundles tested are 5 columns wide by 5 rows deep and have a staggered 

tube arrangement with a horizontal pitch of 22.2 mm (0.875 in) and a vertical pitch of 19.1 

mm (0.75 in). The data were obtained at a refrigerant saturation temperature of 35°C (95°F) 

over a nominal bundle heat flux range of 18 000 - 40 OOO W/m- (5700 - 12 700 Btu/(hr-ft-)). 

Sixteen different tests were conducted, one test for each refrigerant-tube combination. Aver

age condensing heat transfer coefficients for the bundle as well as average condensing heat 

transfer coefficients for the middle tube of each row were calculated for each refrigerant-tube 

combination. 

In vapor-compression systems, a small amount of lubricating oil is carried out of the 

refrigerant compressor by the refrigerant and circulates through the system. This circulating 

oil is known to affect the heat transfer characteristics of the condenser. The normal procedure 

when testing new refrigerants is to produce data for the general case of the pure refrigerant, 

and later examine the effect of oil concentration. Since no previous HFC-134a and HCFC-

i  c o t i  « . l - , .  o  J  ^  —  ^ v/A LIXAO vv uo LW UUIV^ 

refrigerants only. 

Organization of Dissertation 

Chapter 2 presents an overviev/ of the theoretical techniques used to analyze shell-side 

condensation. Chapter 3 describes the test facility used to obtain the experimental heat transfer 

data presented in this study. Chapter 4 explains the experimental procedures used to obtain 

the heat transfer data and the data reduction techniques used to calculate the shell-side heat 

transfer coefficients. Chapter 5 discusses the HFC-134a data and compares the HFC-134a data 
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to CFC-12 data, while Chapter 6 discusses the HCFC-123 data and compares the HCFC-123 

data to the CFC-11 data. Chapter 7 presents a semi-empirical correlation for the average 

shell-side bundle heat transfer coefficients presented in Chapters 5 and 6. Chapter 8 sives 

conclusions based on the results of the present study. 
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CHAPTER 2. THEORETICAL ANALYSIS 

Introduction 

Condensation is defined as the removal of energy from a substance existing in the vapor 

phase in such a manner that the substance changes from the vapor phase into the liquid phase 

saturadon temperature to the point that droplet nucleation occurs. Homogeneous nucleation 

occurs when the droplets form within the vapor. Heterogeneous nucleation occurs when the 

droplets form on particles entrained within the vapor, or when the droplets form on the walls 

of the system. This study is concerned with the condensation that takes place in shell-and-tube 

condensers, in which heterogeneous condensation of refrigerant vapors takes place on cooled 

horizontal surfaces of circular cross section. 

Heterogeneous condensation on cooled surfaces occurs in one of two ways, depending 

on the condition of the surface on which the condensation occurs (Incropera and DcWitt, 

"I QQ^^ r^nyyrld^yfcntiny) r\r^n^^^rc: q liotiiH -film nrwre^i-c tK/a or»tit-ia or 
—  y  ̂  w  W  '  N . ' i A k l A ^  1 A  1  O  U i  1  C i V « -

The liquid film flows continuously from the surface because of gravitational effects. Film 

condensation generally occurs on clean surfaces. Dropwise condensation occurs when the 

liquid film is inhibited from completely wetting the condensing surface. The inhibition of 

wetting may be caused by the m.echanical condition of the surface or by coating the surface with 

an appropriate substance. During dropwise condensation, microscopic condensate droplets, 

instead of a continuous liquid film,, form, and grow on the cooled surface. When the drops 
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become sufficiently large, gravity or aerodynamic drag forces pull the drops from the surface 

and new droplets form immediately. 

Both the condensate film and condensate droplets form a resistance to heat transfer. 

However, the diameter of the droplets is significantly less than the thickness of the liquid 

film, and a falling drop exposes a new surface on which condensation can take place. Thus, 

dropwise heat transfer coefficients are orders of magnitude higher than filmwise coefficients. 

Unfortunately, dropwise condensation is difficult to maintain, especially when low surface 

tension fluids which readily wet the condensing surface are used. Because of the difficulty in 

promoting and maintaining dropwise condensation, shell-and-tube condensers are designed 

to copd.cns3.ticp mode ^or this rcsson, the discussion ir. this ch2,ptcr will 

concentrate on film condensation only. 

Condensation heat transfer can also be classified in terms of natural convection and 

forced convection. The main difference between these two regimes is the effect of vapor 

velocity on the condensate layer. In forced convection, the vapor surrounding the tube is at a 

high velocity, causing a shear stress to exist between the vapor and the condensate. Also at 

high vapor velocities, vapor separation occurs, and the liquid layer thickens significantly after 

separation occurs. 

Classical Nusselt Analysis for Smooth Tubes 

Single tubes 

The first atterf'pt to solve the cast of filui condcuiiiiLioii un vciii'jiil plaicsi iiiid 

tubes was performed by Nusselt in 1916. The approach used by Nusselt involved applying 

force balances and energy balances to a differential element of liquid in the condensate film. 

Nusselt made several assumptions in order to facilitate a solution (Nusselt, 1916): 
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• the liquid film is in laminar flow, and the flow is controlled by viscous and gravitational 

forces; 

• the vapor is saturated; 

• the liquid and the vapor have the same temperature, 

• energy is transferred through the liquid film by conduction only; 

« the temperature profile is linear through the liquid nim; 

• the liquid and the plate have the same temperature at their interface; 

• the solid surface is isothermal; 

• the liquid properties are not tem.perature dependent; 

• the vapor does not exert normal or shear stresses on the liquid surface (ie. the vapor is 

stationary); 

• the liquid has zero velocity at the plate surface; 

• subcooiing of tne liquid is negligible. 

The Nusselt analysis for the film condensation on the outside of a horizontal smooth tube 

leads to the following expression for the average heat transfer coefficient: 

\ P  t [ P  r  -  P q ) 9 i  
An = 0.725 M—^(2.1] 

Rose (1988) states that the leading coefficient in the above equation should be 0.728; the value 

of 0.725 in the original Nusselt equation is in error due to small numerical inaccuracies in 
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Nusselt's work. Nusselt added a correction to account for subcooling of the condensate by 

using a modified enthalpy of vaporization: 

To better match experimental data, Rohsenow et al. (1956) suggested that for Pr > 0.5 
/ 

andCp — < 1.0, the followingmodification to the enthalpy of vaporization 

be used: 

^ f ' J  ~  ^  f 9  ~  ̂ s.o) (2-3) 

Tube bundles 

Nusselt extended the single tube analysis to a vertical in-line column of horizontal tubes 

(Incropera and DeWitt, 1990). He assumed that that all the condensate from a tube drains 

by gravity directly to the top of the tube below it. Nusselt assumed that the condensate 

drained as a smooth laminar continuous sheet. The effect is that the condensate layer thickens 

on the lower tubes and decreases the heat transfer coefficient. Assuming that the quantity 

T^at — 2^5,0the same for each tube in the column, Nusselt determined that the average 

heat transfer coefficient for the entire column of tubes is given by 

= (2.4) 

where N is the number of tubes in the column, and m — 1 /4. The average row coefficient for 

tube A' is (Webb 1990) 

h ^ :  =  h .  - { N (2.5) 

By convention, the top tube (or row in the case of bundles) has N = 1, and N increases 

for each subsequent lower tube (or row). The Nusselt exponent is conservative, because the 

condensate actually drains in droplets or jets, depending on the surface tension of the liquid. 

Thus, the condensate layer on the lower tubes is not as thick as predicted by Nusselt. 
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Short and Brown (1951) were the first to experimentally establish the inundation effect 

on smooth tubes in a quiescent vapor. They condensed CFC-11 and water on a vertical bank of 

twenty tubes, and showed that Nusselt's analysis greatly overestimatedtheeffect of inundation 

in actual tube banks. The Nusselt analysis overestimates the effect of inundation because the 

condensate tends to fall as discreet droplets and not as a continuous laminar sheet, as Nusselt 

originally assumed. Based on their data, Short and Brown proposed 

= 1.24A^~^/4 (2.6) 
'^0,1 

In addition, Short and Brown showed that the Nusselt equation for asingle tube can alternately 

be written in terms of the condensate flow rate per length of tube, F: 

2 h  o , N  

k  
^7 

p f [ p f -  P g ) 9  

//ir 
= 1.5l|^-^j (2.7) 

Tne parameter F^y is the condensate flow rate from tube iV. The fraction 4F,y//ty is the 

condensate Reynolds number for the flow from tube N. 

Kern (1958) im.proved on the Nusselt model by taking the actual flow patterns of the 

draining condensate into consideration. Assuming that I) the liquid fell onto the lower banks 

of tubes in discrctc droplets or coluuiris, and 2) lIic railing hquiu uduscu ripples ui liie iilm on 

the lower tubes, Kern proposed the following less conservative mode!: 

n  t i c  
- 1 2 ^  =  / V — 2 . 8  

Kern's model was found to closely approximate the Short and Brown (1951) data, and 

is i'eco;;;!;!ci:dcd as ihe current comm.erciai design standard (Butterworth, 1977}. Because 

experimental data have shown significant deviation from the Nusselt equation at high values 

of r,Y//i f (where the flow changes from the laminar to turbulent regimes), Webb (1984b) 

has recommended that Equation 2.8 and Equation 2.6 should only be used for Re^ < 200, 

noting that the resulting predictions should be conservative. 
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Chen (1961) suggested that additional condensation occurs between the tubes because 

the liquid is subcooled. His correlation is 

All of the correlations described above were developed for in-line bundles. Eissenberg 

(Marto, 1988b), working with steam, proposed a model based on the assumption that in a 

staggered bundle, not all of the condensate falls directly down between tubes. Rather, because 

of local vapor flow between tubes, some of the condensate is diverted laterally and strikes 

the tubes on either side of the draining tube, as shown in Figure 2.1(b). As a result, the 

draining condensate strikes the tubes of the lower rows on their side rather than their tops, 

thus minimizing the liquid layer on the top of the tubes. The thinner liquid layer results in 

a smaller decrease in heat transfer performance as row number increases. The Eissenberg 

model is given by 

This approach gave reasonable results for steam, although no data indicating its applicability 

to low viscosity fluids (such as refrigerants) were foimd. 

While the smooth tube analysis of the previous section provides a good theoretical basis 

for condensation study, most modern refrigerant condensers use tubes that have some type 

of enhanced surface. The nrst type of enhanced tube commercially used was the integral nn 

tube. The fins increase the heat transfer surface area, but also cause surface tension forces to 

become important. 

During condensation, the condensate floods, or fills the space between between the 

fins on the lower portion of the tube. This phenomenon, which is shown schematically in 

ho = 0.728 1 + 0.2 
-  T s J  P j i P f  - P s ^ S - ' j g k j  

ho B = hi • (0.60 + 0.42 (2.10) 

Analysis of Finned Tubes 
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ci 
(a)  i b )  ( c )  i d )  

Figure 2.1: Schematic of different condensate flow patterns: (a) Nusselt condensation, (b) 

staggered bundle flow, (c) turbulent dripping, (d) horizontal vapor flow with 

shear (Marto, 1991) 

Figure 2.2, is also known as holdup, or liquid retention. Flooding occurs as gravity pulls the 

condensate towards the bottom of the tube, and surface tension forces in the condensate cause 

the condensate to fill the spaces between the fins. The heat transfer is decreased in the flooded 

region because of the thick liquid layer. On the upper portion of the tube, surface tension 

tends to spread the liquid film, thus increasing heat transfer. If the spacing between the fins 

is decreased, more heat transfer area per unit length is added, but an increasing portion of the 

tube will be flooded, and at a critical fin spacing, the entire tube will be flooded. Thus, the fin 

spacing must be optimized for a given fluid. 

Single finned tubes 

Beatty and Katz model Beatty and Katz (1948) were the first to develop a heat transfer 

correlation for finned tube condensation. Their analysis was based on a Nusselt-type, gravity 

driven condensation model which treated the fi.ns as a vertical plate and the ir.ter-fir. tube 
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Tube 
Wall 

Condensate 

Flooding 
Angle, 

Figure 2.2: Schematic of condensate flooding on a finned tube (Marto, 1991) 

spaces as a horizontal tube, i ne average heat transfer coefficient is given by 

h o  —  ( 2 . i r  
•A r A r 

e /  e j  

The tips of the fins, as well as all surface tension effects, were neglected. The final form of 

the Beatty-Katz correlation is 

h o  = 0.689 

9  •  1/4 

I  .  —  ;  „  „  I  /  /  ,  
1^' J • "-v J 

( 2 A 2 )  

where 

D  eq l  

1/4 
1.30^/ 

A r 1 
J  a j  

' J  
/'^/l^,Xl/4 ' .4^, ,,1/4 

(2.13) 

(2.15) 

The heat transfer coefficient is based on the actual outer surface area, which includes the 

surface area of the fins as well as the surface area of the exposed tube. 
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The original Beatty and Katz equation does not account for fin-tip heat transfer. The 

equivalent diameter can be corrected to account for heat transfer from the fin tips (Smirnov 

and Lukanov, 1972); 

' v b ; ' -  - V B , ' '  
D e q .  

O A  1  1  

I = =4  ̂ a.7) 
A D o  

The Katz and Beatty correlation was obtained using tubes with 276 and 630 fins per 

meter (fpm) (7 and 16 fins per inch (fpi)) and HCFC-22 along with other low surface tension 

fluids where surface tension effects are minimal. Although this correlation is used quite 

successfully in the refrigeration industry, other investigators have attempted to include surface 

tension effects in the theoretical formulation, as will be shown in some of the models that 

follow. 

HTRI model Ishihara and Palen (1982) describe the early HTRI methods of computing 

surface tension effects for finned tubes. A thermal resistance was computed for the condensate 

retained in tne spaces Detween tiie fins; 

I'c - Ci[l 4-tanh(A;.-2.5)]- (2.19) 

where 

A — F? ^ n 
' P j 9  

\ A D o - 2 D r  +  ̂ ^  

Bg = (2.21) 
J I nl _ n2.\ I 

[ 41-^0 -r; J 
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is an experimentally determined condensation retention factor. The resistance of the 

retained condensate was assumed to reduce the heat transfer of the tube. The reduced heat 

transfer coefficient was computed from 

Gregorig model Gregorig (1954) realized that surface tension forces on a convex 

surface will cause the pressure of a liquid film covering the surface to be greater than the local 

vapor pressure, and that the opposite is true for concave surfaces. Gregorig was studying 

condensation on fluted tubes, which have alternating concave and convex surface regions, and 

found that the pressure gradient induced by surface tension was m.uch greater than the pressure 

gradient induced by gravity. Thus, the pressure gradients set up by surface tension tend to 

drive the condensate off of the convex flutes and into the convex troughs, and the condensate 

film thickness is much thinner on the flutes than in the troughs. 

Gregorig ignored gravitational effects and used numerical integration to solve the case 

of a constant film thickness on the convex flutes. He found that the increased heat transfer on 

the flutes (due to the thin film) far outweighed the decreased heat transfer in the troughs (due 

lu uic ihick film.), ihus causing the fiuted tube to have a heai transfer coefficient several times 

greater than that for the smooth tube. 

Karkhu and Borovkov model Karkhu and Borovkov (1971) were the first to include 

the effects of surface tension in finned-tube analysis. The tube surface was divided into two 

icgloiib. Tlic first region \va.s comprised of the fins, where the condensate was assumed to flow 

towards the fin root under the influence of surface tension only; gravity forces were neglected. 

The second region, which was comprised of the surface area betv/een the fins, collected the 

condensate which drained from the fins. The heat transfer in the second region was ignored, 

because the fi.lm thickness (due to the draining condensate) was assumed to be large. To 
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account for flooding on the bottom of the tube, the flooding angle (6j) was assumed to be 

150°, and the heat transfer from the fins in the flooded region was neglected. The resulting 

equations required a numerical solution. Karkhu and Borovkov found the agreement between 

t h e i r  p r e d i c t e d  h e a t  t r a n s f e r  c o e f f i c i e n t  a n d  e x p e n m . e n t a l  d a t a  t o  b e  w i t h i n  5 % .  

Webb, Rudy, and Kedzierski model Webb et al. (1985) proposed a model which 

includes surface tension drainage on the fins, gravity drainage on the surface between the fins, 

and heat transfer in the fiooded area of the lube. The average heat transfer coefficient is given 

by 

u _ ^ 7 + 
O r  

1 - (2.23) 
L t j  t j  J  L  

Webb uses the less common condensate retention angle a, which is the complement of the 

flooding angle 6 ^ (ie. a = ~ — oj). Equation 2.23 has been modified to use the flooding 

angle p jr. 

To model the fin heat transfer, Webb chose a surface-tension dominated model and 

assumed that the fins had a convex surface profile. Webb used the method proposed by 

Adamek to calculate the condensate layer thickness and radius of curvature for the convex fin 

SUxi-dCCo. xiiC tin iiCat LiauSici COciiiCiciii lb ^iVCIl Oyi 

7  r  '  c  ^  
f I f r1 1 ' 

h r  = 9 i49^L ± 1  ^ I (7 94) 
/" "• 5^ I n  J: J T  .  -  T s  o) +  2P ^  " "  L '  J  J '  sa i  ys  ^  J 

This heat transfer coefficient is based on the nominal surface area of the tube, .lo = 

~DqL, where Dq is outer diameter of the fins. The parameter C characterizes the aspect ratio 

of the fin cross section, and is iteratively determined so that the profile equation correctly 

predicts the thickness at the fin base. The parameter 0-^, which is the angle through which 

the convex surface turns, is visually determined for the tube of interest. The parameter Sm. is 

the length of the convex surface over which the condensate film flows. 
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The heat transfer coefficient for the unflooded surface between the fins is given by 

(2.25) 

where 

4 m,. 
(2.26) 

The term m,. is calculated iteratively and requires that h  be previously calculated. E-

quation 2.25 is the Nusselt equation for horizontal tubes written in terms of the condensate 

Reynolds number. 

The heat transfer in the flooded region is characterized by a two dimensional conduction 

problem. Webb numerically solved the conduction equations for the condensation of CFC-

11 for the 1024-fpm (26-fpi) geometry and found that the heat transfer in the finned region 

accounted for only 0.2% of the total heat transfer. For water (which has a higher thermal 

conductivity than CFC-11) condensing on 203-fpm (5-fpi) geometry, Webb estimated that 

only 1.6% of the heat transfer would occur in the flooded region. Therefore, Webb concluded 

that the heat transfer in the flooded region would be negligible for most practical cases. Webb 

com.paied this m.odei to experimental data for the condensation of CFC- i i on several types 

of finpicd tubes, s.nd found the predicted vslues to be VY'ithin 20% of the experirncntsl v2.1ues. 

Honda, Nozu, Uchima model The most comprehensive model to date has been de

veloped by Honda et al. (1987), and is an extension of an earlier model (Honda and Nozu, 

*  T T * « j  r )  T r o r o  n  T i n  c i o o c  i  o / - i  c i  
i .  y  J ,  k J L U . A i O x \ ^ x  c i i w  C i i l V A  U X S ^ U O  X O  c l i x t - i  

tube is divided into flooded and unflooded regions to account for significant differences in 

the heat transfer phenomenon for the thick and thin film, regions. The model allows for wall 

temperature variations axially between the fi.ns, as well as circumferentially around the tube. 

Gravity and surface tension effects are both considered. The calculation of the average heat 
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transfer coefficient requires an iterative solution involving roughly 15 equations. The values 

predicted by the Honda et al. (1987) model agreed with their experimental CFC-113 and 

methanol data to within 20%. 

Tube bundles 

Katz and Geist experiment Katz and Geist (1948) attempted to determine a row 

effect for finned tube bundles by using the Beatty and Katz (1948) single-tube correlation in 

conjunction with the Nusselt bundle model (Equations 2.4 and 2.5). They condensed CFC-12, 

acetone, n-butane, and water on a vertical column of six horizontal 590-fpm (15-fpi) tubes. 

Katz and Geist found that Equation 2.5 underpredicts the lower row heat transfer coefficients. 

For CFC-12, the ratio of the actual heat transfer coefficient to the predicted heat transfer 

coefficient for row 2 was 1.16, while the ratio was 1.55 for row 6. The underprediction was 

worse for acetone and n-butane. Marto (1988a) states that the Katz and Geist (1948) data can 

be better correlated by setting m = 0.06 in Equation 2.4. 

Pearson and Withers model Pearson and Withers (1969) tested the Katz and Beatty 

T  •  •  Y  J  r *  - •   ̂I—t 4 CGItCiailGri using anu iiic ifiOic iViuucrri !i!"i Coniltfuranons OT /u.;s-^no m./arnm i i m  

and 26 fpi). The data were collected from two 60 tube condensers having a 24 mm (0.9375 

in) triangular pitch. Pearson and Withers suggested that their data could be correlated by 

multiplying the right side of Equation 2.12 by a factor of 

C;Y 
; TT w  \! —  J L  ..j~T iOi LiiC iOZ-t-ipm 

, \ r l / 4  
: > ' 

C  , Y  = 1.31 for the 748-fpm (2.27) 

The value of N  in this experiment was 4. At the time of this experiment, the 1024-fpm 

was just coming into use. Since Pearson and Withers found little difference between values 
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ofC^Y for the two nn types, they suggested that 748-fpm data for other working fluids could 

be extrapolated to the 1024-fpm geometry. 

Pearson and Withers found the 1024-fpm geometry to have a 25% increase in condensing 

capacity over the 748-fpm geom.etry. The performance increase was attributed to the 25% 

increase in surface area per unit length of the 1024-fpm geometry over the 768-fpm geometry. 

Since the Pearson-Withers correlation is simply a modification of the Beatty-Katz correlation, 

the predicted heat transfer coefficients are based on the actual outer surface area, and are 

essendally the same for both tube types. The condensing capacity is determined by multi

plying the heat transfer coefficient by the outer surface area. Since the 1024-fpm has a 25% 

greater surface area than the 748-fpm, its performance (as predicted by the Pearson-Withers 

correlation) will also be 25% greater. 

Webb and Murawski experiment and mode! Webb and Murawski (1990) attempted 

to correlate the row effect found during the condensation of CFC-11 on several enhanced tubes, 

i n c l u d i n g  a  1 0 2 4 - f p m  ( 2 6 - f p i )  t u b e .  T h e  d a t a  w e r e  c o r r e l a t e d  i n  t w o  w a y s :  t h e  e x p o n e n t  r n  

was found for Equation 2.5, and the row coefficient was correlated as a function of Reynolds 

number (Re). Tne Reynolds number ccrrelaticn is given bv 

'-0.R = 

where 

Re^ = — (2.29) 
'  I  ^  
'  f  

Tne parameter T is the total condensate mass flow rate per unit length from the bottom, of 

the tube of interest, and includes the condensate draining from the above tubes. Tnus, the 

Reynolds num.ber increases v.'ith row num.ber N, and subsequently drops. The heat 

transfer coefficients predicted bv the Webb-Murawski model are based on the nom.inal surface 
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area. The nominal surface area is calculated from ~DqL,  where Dq is the outer diameter of 

the finned section. 

The average heat transfer coeffi.cient for a tube bank of N  rows is calculated by integrating 

Equation 2.28 over Re from row 1 to N. The result of this integration is 

^ a  

'o.-S (1-?^)(Re/^^^v-Re_^j) 

The average heat transfer coefficient equation listed in the original Webb and Murawski paper 

is in error; the equation listed above is correct. 

Webb and Murawski found that m  varied with the condensation temperature difference 

— Tq q. Therefore, Webb and Murawski prefer the Reynolds number correlation, since 

the constants a and n were independent of the condensation temperature difference, and the 

Reynolds number correlation can be used for any row, as long as frij- is known. 

For the 1024-fpm (26-fpi) geometry, Webb and Murawski found that a = 13 900W/(m^ -K), 

and n = 0.0. Since n = 0.0 indicates that the heat transfer coefficient is independent of Reynolds 

number, the heat transfer coefficient does not depend on row numben This was attributed to 

channeling of the condensate by the fins, which prevented the liquid from spreading axially 

in Webb and Murawski study all showed much less channeling of the condensate and hence 

had much larger row effects. 

Honda, Nozu, and Takeda model The most detailed analysis of condensation on 

•finnpfj fnhp; biindlcs pcrfoTTncd by Hond^, Nozu, 2.nd Tkkcds (1989). This mcdsl cor.sidsrs 

two different flow pattern modes; column mode and sheet mode. Konda originally observed 

4 flow modes (droplet mode, column mode, column and sheet mode, and sheet mode), but 

combined the droplet, colum.n, and column and sheet modes together into one mode for 

s i m p l i c i t y .  T n e  t r a n s i t i o n  b e t w e e n  m o d e s  i s  s p e c i f i e d  b y  t h e  p a r a m e t e r  A ' ,  w h e r e  K  =  

Re 1—rz 
L.N Re 1 — 71 

L.l (2.30) 
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T [ g l p y)^/^/(2(7^/^). When K  <  0.42, the column mode exists; the sheet mode exists when 

K > 0.42. 

For column mode Row, the tube is divided into a region that is affected by the columnar 

drainage from the above tube, and a region that is not affected by columnar drainage. The 

affected and unaffected regions are divided into flooded and unflooded regions, as with the 

Honda single-tube model. The tube surface is further divided into thin film and thick film 

regions. The heat transfer rates in the unaffected region can be calculated from the Honda 

single-tube model. For the affected region, the single-tube model must be modified to account 

for the columnar dripping. This modification introduces a nonlinear equation which must be 

solved iteratively as well as a differential equation which must be solved numerically. The 

sheet mode is treated the same as columnar flow in the affected region, with the assumption 

that the condensate is distributed uniformly along the length of the tube. 

Tne Honda model predicts the row-by-row data of Katz and Giest (1948) for CFC-12 

and acetone with 5%, while the model predicts the Katz and Geist (1948) rz-butane data to 

within 15%. Honda et al. ran several simulations for CFC-12 and steam condensation for a 

15-row bundle. The model predicts that the heat transfer coefficient for CFC-12, which has 

_ .  _ _  ^  c  '  •  
Lilian vaiui^a ui uuui suiiav^o iciisiuii aiiu Ciuiiaiuy ui vaijoii<i.iaLHjll iciduvc LU SlCaUl, IS SlTOngiy 

influenced by the fin spacing at the tip. Honda predicts the optimum value of CFC-i2 fin 

spacing for the top bundle row to be 0.2 mm (0.00787 in), and 0.3 mm (0.0118 in) for bundle 

rows 2-15. The optimum fin thickness for CFC-12 is predicted to be 0.3 mm. (0.0118 in). 

Tne fin height used by Honda in these calculations was 1.4 mm (0.55 in). Using the optimum 

values of fin spacing and fin thickness results in a tube that would have 1667 fpm (66 fpi). 

Because of the complexity involved in solving the Honda bundle model, simpler models such 

as the Pearson and W^ithers m.odel are commonly used in industry'. 
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Murata, Abe, and Hashizume model An analytical model for tubes with rectangular 

shaped fins was proposed by Murata et al. (1990). The fin surface was divided into a fin 

region, a connecting region, and a root region, where the condensate draining from the fin 

region collects. The tube surface was divided into flooded and unflooded regions. The heat 

transfer coefficient for the fin region was determined by using the method of Webb et al. 

(1985). The heat transfer coefficient for the the connecting region of the fin was found 

by integrating the thermal conductivity to condensate thickness ratio over the length of the 

connecting region. Tne heat transfer coefficient for the root region of the fin was found 

by assuming a one-dimensional condensate temperature profile and then solving the energy 

equation. The model neglects heat transfer in the flooded region of the tube. 

The model of Murata et al. predicted their own single tube data very well, but underpre-

dicted the performance of tubes in bundles. The discrepancy was attributed to the fact that the 

model neglected both the heat transfer in the flooded region of the tubes as well as the effect 

of splashing in the lower part of the bundle. Comparisons to other data were not included. 

Analysis of Other Enhanced Geometries 

Little work has been done on the theoretical analysis of enhancement types other than 

nns. v-ztncr common ennanccG geometries include the Oiivv/\ Sv^, wnich nas nns or a 

shaped cross section, and the Turbo C-II, which has fins that have been niecnanicaiiy Knuneu 

to produce a saw-tooth fin shape. 

Webb and Murawski (1990), v/hose m.odel was discussed in a previous section, also 

analyzed CFC-11 condensation for several enhanced tube geometries. They correlated their 

results with the equation 

/i,Y=aRe7" (2.31) 

C  t o  t - o  -ri o » - « • u K a o   ̂ 1  
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Table 2.1: Constants for the Webb and Murawski (1990) 

condensation model 

geometrv a a  

W/(m--K) 

n  

26-fpi 13 900 0.000 
GEWA SC 54 140 0.220 
Turbo C 257 800 0.507 
Tred-D 269 900 0.576 
Modified Turbo C 113 300 0.446 

Webb and Gee (1979) also proposed a spined-fin enhancement and did a preliminary 

analytical analysis. The spine cross section was 0.3 mm x 0.3 mm (0.012 in x 0.012 in) and 

spine ^V2.s YBricd f^om 0.8—« mm to 1.59 mm (0.0325 m to 0.06—5 in). The thccrj' 

behind the spine-fin geometry was that the three-dimensional spines give more surface area 

per unit volume of material than conventional circular fins, and thus a higher heat transfer 

coefficient for a given amount of tube material. Tne analysis showed that for equal values of 

hoAjL, the spine fin would require 60% less material than normal circular-fin tubes. This 

tube was never commercially produced. 

Another approach to solving the condensation heat transfer problem is to use a boundary 

layer approach. Such an analysis of film condensation begins by examining the case of two-

dimensional condensation occurring on a vertical flat plate or single round tube. Two boundary 

layers are assumed to exist, namely a liquid condensate film next to the cooled plate and a 

vapor boundary layer ne.xt to the the condensate boundary layer. Continuity, momentum, and 

energy differential equations are written for the liquid boundary layer, while continuity and 

mom.entum equations are written for the vapor boundary layer. These differential equations 

3,^d. bounci^v conditions cs" bs ^oii"d. R.o'^c ''^988) st—diss d^scusssd in this section 
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deal with natural convection only. 

Sparrow and Gregg (1959) first tried the approach described above for laminar, natural 

convection condensation. They neglected the vapor shear stress at the condensate-vapor 

interface. By transforming the governing differential equations with an appropriate similarity 

variable, Sparrow and Gregg found the following relationship for the surface heat transfer: 

0.728Nuo 

Nu V-O.iV u 
= (O.733)[-0'(O)] 

^ P ^ ' ^ s a t  ^ s , o ) h f g  

Pr 

1/4 

(2.32) 

The parameter O '  is the derivative of non-dimensional temperature with respect to the similarity 

variable. Equation 2.32 requires a numerical solution. For values of Cp[T^^^ — Tg_Q)li < 

O.Oi, the results were very similar to the Nusseit theory. Table 2.2 lists deviations of the 

Sparrow-Gregg analysis from the Nusseit analysis for various combinations of Cp(r^^^ — 

T s , o ) l ^ f g  a n d  P r j .  

Chen (1961) added the effect of vapor shear stress to the analysis. Chen used an 

approximation of the vapor shear stress so that solution of the vapor boundary layer equations 

was not necessary. Chen also performed an analysis for a column of tubes and modified the 

Nusseit column analysis by proposing that 1) additional condensation occurs between the 

tubes and 2) the condensate gains momentum as it falls from tube to tube. Chen correlated 

the results of his numerical solution with the equation 

^o.A' 
= [1-f0.2//(iV-1)] 

1 -f 0.68// + 0.02//J 

' .1 x0.95J-0.15//JJ 

1 / 4  
/ r \  ^  

H  —  C p { T ^ ^ i  (2.-">4) 

(2.35) 
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Table 2.2: Deviation of the Sparrow and Gregg (1959) and the Chen (1961) analysis from 

the Nusselt theory 

r  ( T  _ T \ />' 
^ P ^ ' s a i  

TV 1 NUO/'NUQJYU NUO/NUJ,_,YU ^'"o.S-C'^'^o.Chen 
r  ( T  _ T \ />' 
^ P ^ ' s a i  

TV 1 

(S-G) (Chen) 

0.01 0.003 0.88 0.71 1.24 

0.01 0.008 0.95 - -

0.01 0.01 - 0.84 -

0.01 1 1.01 0.92 1.10 

0.01 10 1.01 1.00 1.01 

0.01 100 1.01 1.00 1.01 

0.10 0.003 0.58 0.42 1.38 

0.10 0.008 0.71 - -

0.10 0.01 - 0.58 -

0.10 0.03 0.88 0.71 1.24 

0.10 1 1.02 1.00 1.02 

0.10 10 1.04 1.00 1.04 

0.10 100 1.04 1.10 0.95 

1.00 1 1.10 1.00 1.10 

1.00 10 1.14 1.15 0.99 

1.00 100 1.15 1.17 0.98 

For single tubes. Rose (1988) re-arranged Equation 2.33 to explicitly show the Pr depen

dence. These alternate forms of the Chen equations are 

Nuc 
V:: . . 
' '"o.-'Vu 

Nuc 

Nu o ' V  

1  /  /  

1 •+ 0.68Pr^J + 0.02Pr^' 

I A Qc r r\ ^2 i  T  ~  U . i j i l  

I  + 0 . 6 S H  +  

I _i_ 0.85 jj- _ 0.15 //2 
Pr Pr. 

(2.36) 

(2.37) 

The deviation of the Chen analysis from the Nusselt theory is also given in Table 2.2. 

The ratio Nu^.q/Nu^^ j^^ j^ shows the effect of vapor shear. Rose (1988) compares the results 

the results of Sparrow and Gregg and concludes that surface shear effects are 

negiigiOie at nign rr ana smau at low rranati numoers. Kose s conclusion is in agreement 
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with the values of Table 2.2. 

Maekavv'a and Rose (Rose, 1988) confirmed that Chen's correlation matched his numerical 

solution to within 1%, and also gave a slightly more accurate and complicated expression for 

Chen's numerical results. Gaddis (1979) also used the boundary layer approach, and his 

numerical results are in good agreement with Chen (1961), and Maekawa and Rose (Rose, 

1988). Rose (1988) suggests that these numerical studies appear to verify the validity of the 

simple Nusselt analysis for most practical purposes. 

Forced Convection Analysis 

Although fcrccd convcction condensation effects (vapor shear) is not tne pnniary lOCus of 

this study, a brief overview of important works will be mentioned. A more detailed coverage 

of the development of forced convection theory from the boundary layer standpoint is provided 

by Rose (1988). 

The first significant development of a forced convection boundary layer analysis was 

performed by Shekriladze and Gomelauri (1966). Neglecting the pressure gradient in the 

condensate momentum balance, the condensate surface velocity, and the inertia and convection 

effects in the condensate film, the horizontal tube heat transfer is given by 

NuoRe"-/- = 0.64[1 + (1 + \.69F^yl-rl- (2.38) 

^ (2.39) 
" I T  _ T ^/••2 - - T '"y ^ J^ CO 

The value Re is defined as the tv/o-phase Reynolds number and is based on the vapor velocity 

and the condensate properties, such that 

^ oo^P J 
Re = ^ (2.40) 

J  
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Rose (1984) included the effect of the condensate film pressure gradient and suggested 

_ 0.64(1 + + I/G')1/3+0.728^!^" 
NuoRe-^/- = ^ (2.4i: 

where 

. • - - -^0 *^3 \  ̂ !  A  

P-" = , . (2.42) 

G  =  

~  ̂ s , o )  

^ f i ' ^ s a t - T s ^ o )  
. [W 

I P g l - ^ g .  

1/2 
(2.43) 

Rose suggests that Equation 2.43 will provide adequate results for most practical purposes. 

Gaddis (1979) made a comprehensive study of forced convection condensation which 

did not contain any of the above mentioned simplifications. The added complications of 

condensate inertia, convection, and pressure gradient necessitate a numerical solution of the 

boundary layer equadons. Using steam as the working fluid, Gaddis' model is in excellent 

agreement with the Nusselt analysis for the case of stagnant vapor. Gaddis' model predicts 

that the threshold at which vapor-shear becomes important increases with the vapor pressure 

of the working fluid. Using steam at a pressure of 0.1 atm as an example, vapor shear effects 

ure noticeable at ]R.e — .^00, while at 10 atm va^/Oi shear CuCClS arc ihSl noLiCcaoic ai ixc — 

3000. 

Honda and Fujii (1984) carried out a detailed solution of horizontal tube condensation 

in which the heat transfer in the condensate film and the heat transfer in the wall were 

simultaneously considered. Although this model neglected condensate inenia, convection, 

and pressure gradient, the complexity added by the wall heat transfer necessitates a numerical 

soludon. The results of the Honda-Fujii model are in excellent agreement with experimental 

CFC-113 data. The the circumferential variation in Nu as predicted by Honda and Fujii agreed 

with the results of Gaddis (1979) to within 3.1%. For CFC-113, the Honda analysis shows 

that significant deviation from the Nusselt theory begins at vapor velocities of 2 m/s (6.56 ft/s) 
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Summary 

Table 2.3 gives a chronological listing of notable theoretical and empirical works con

cerning condensation on the outside of tubes. This table concentrates on works which are 

applicable to the refrigeration industry, such as general theoretical analyses and studies which 

concentrate on the surfaces and working fluids commonly used in the refrigeration industry. 

All of the works listed in Table 2.3 have been presented and discussed in this chapter. 

A considerable amount of analysis has been performed on the condensation of steam. 

However, because of the significant differences between the properties of steam and refriger

ants, as well as the fact that the surfaces used to condense steam are different than those used 

in the refrigeration industry, specific works penaining to the condensation of steam are not 

listed or discussed here. 
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Table 2.3: Chronological listing of notable works in involving the theoretical and empirical 

analysis of condensation on tubes 

Investigator Year configuration Remarks 

Nusselt 1916 single smooth First to model condensation on a horizontal tube, 
tube 

Nusselt 1916 single column Related average heat transfer coefficient for a 

of tubes column of tubes to the heat transfer coefficient 

of the top tube in the column. Assumed tubes 
drained in a continuous laminar sheet. 

Beatty, 1948 single 7-and 

Katz 16-fDitube 

First to present 
on finned tubes. 

correlation for condensation 

Katz, Geist 1948 bundle of 6 Studied condensation on a column of finned 
finned tubes tubes. 

Short, 1951 smooth-tube Proposed that the Nusselt bundle model be mod-
Brown bundle ified by a factor of 1.24. 

Gregorig 1954 single fluted 

tube 
Realized that surface tension plays an important 
role in condensation on enhanced surfaces. 

Rohscnow 1956 sinsmooth Suc^sstedun improvedcnthu 1 C 

tuoe for the Nusselt model. 

Kem 1958 column of Proposed that condensate drains as discreet 
smooth tubes drops or columns. 

Sparrow, 1959 single smooth First to use boundary' layer approach to solve 
Gregg tube condensation problems. 

Chen 1961 single smooth Added vapor shear stress effects to Sparrow and 
tube Gregg m.odel. 
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Table 2.3 (Continued) 

Investigator Year configuration Remarks 

Shekriladze, 1966 single smooth Considered forced convection for a horizontal 

Gomelauri tube tube. 

Pearson, 1969 19- and 26-fpi First to correlate 26-fpi data with the Beatty-
Withers bundles Katz model. 

Eissenberg 

Karkhu, 
Borovkov 

1972 smooth-tube 

bundle 
1971 single finned 

tube 

Examined row effect in a staggered tube bundle. 

First to include surface tension effects in a finned 
tube analysis. 

Smirnov, 
Lukanov 

1972 finned-tube 
bundle 

Proposed a modified equivalent diameter for the 
Beatty-Katz equation which included the fin tip. 

Butterworth 1977 smooth-tube 
bundle 

Developed a correlation for combined vapor s-
hear and inundation. 

Gaddis 1979 single smooth 

tube 

r^OTTiprp'npnQivp trCEtmCnt Cf forCSd. 

convection. 

Gogonin, 
Dorokhov 

Honda, 
Fujii 

1981 smooth and 
finned-tube 
bundles 

1984 single smooth 

tube 

Studied vapor velocity effects on the condensa
tion of CFC-21 in tube bundles. 

Considered heat transfer in the tube wall and 
condensate film simultaneously. 
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Table 2.3 (Continued) 

Investigator Year configuration Remarks 

Rose 1984 single smooth Considered pressure gradient effects in forced 
tube ;onvection. 

Webb et al. 1985 single finned 
tube 

Accounted for differences in heat transfer be
tween the finned, flooded, and unflooded regions 
of a tube. 

Honda, 1987 single 

Nozu low-finned 
tube 

Honda et al. 1987 single 

Maekawa, 

Rose 

Konda smooth tube model extended to finned 

tubes. 

Previous Honda finned tube model is funher 

generalized. low-finned 

tube 
1988 single smocth Followed Chen's methodology and proposed a 

tube more accurate correlation of numerical results. 

Honda et al. 1989 bundle of 
low-nnnpn 

tubes 
1990 column of Webb, 

Murawski 

Murata 
et al. 

ennancea 
lubes 

1992 finned-tube 

bundle 

Extension of previous model to include inunda-
rinn 

Correlated row effect as a function of Re using 

CFC-l 1 data. 

Studied inundation effects on the condensation 

of HCFC-i23 in tube bundles. 
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CHAPTER 3. EXPERIMENTAL APPARATUS 

The experimental test facility used in this study measures shell-side condensation heat 

transfer coefficients for pure refrigerants. The test facility was designed so that it could be 

easily adapted to a variety of shell-side condensation studies. The ASHRAE 676-RP work 

statement required the test facility to conform to several requirements: 

1. the test facility must be able to provide the data necessary to calculate the average bundle 

heat transfer coefficient as well as the average heat transfer coefficient for the middle 

tube of each row; 

2. the average shell-side heat transfer coefficient must be measured without relying on 

tube-wall temperature measurements; 

5. the test section must be capaDie of accommoaating multiple tube bundles and multiple 

rpfri crprsntc-

4. the test facility must be able to accommodate a bundle tube loading of 2400 W per 

linear meter (2500 BTU/lir per linear foot); 

5. The test section must be at least 309 mm (12 in) long and must accommodate a 5 column 

wide by 5 row deep tube bundle; 

6. the temperature rise of the water passing through the test section must be greater than 

1.11°C(2°F); 
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REFRIGERANT H 
LOOP 

WATER 
.OOP 

4Q-T0N 
PUTT T TTT? 

1 TRUE MASS 
FLOWMETER 

2 BOILER 
3 BULLSEYE 

SIGHT GLASS 
4 SUPERHEATER 

5 PRESS. RELIEF 
VALVE 

6 TEST SECTION 
7 CHARGING VALVE 
8 DEGASSER 
9 SIGHT WINDOW 

10 SUBCOOLER 
11 FILTER/DRIER 
12 SUBCOOLER/ 

STORAGE VESSEL 
13 WATER HEATER 
14 HEAT EXCHANGER 

rioiire 3.11 ScViernatic of exnerirnentcii test facility 

7. the refrigerant loop of the test section must not introduce any oil into the refrigerant; 

8. the refrigerant loop must provide 35 C (95 F) saturated vapor for the test section. 

The major coniponents of the shell-side condensation test facility are the test section, 

the tube bundles, the refrigerant loop, the closed water loop, the glycol chiller, and the data 

acquisition system. A schematic diagram of the test facility is given in Figure 3. L The various 

test facility components are discussed below. 
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Test Section 

The test section was constructed from 203 mm (8 in) i.d. schedule 40 stainless steel pipe. 

The test section is 660 mm (26 in) long with 152 mm (6 in) high sight windows installed on 

each side to allow visual observation of the condensation phenomenon. Flanges were installed 

on each end of the test section to accomm.odate the installation of tube bundles and water 

boxes. The test section has 3 ports on the top side (two are used as vapor inlet ports and one is 

used for instrumentation) and 3 ports on the bottom side (one is used for the condensate outlet 

while the other two are presently unused). The test section also has two side auxiliary ports, 

one of which is connected to a pressure relief valve while the other is attached to a refrigerant 

charging valve. 

During the initial portion of this study, a test section of 1270 mm (50 in) in length was 

used. However, the bundle tube loadings obtained with the longer test section were too low 

to satisfy the project requirements. In order to raise the bundle tube loading, the test section 

length was reduced to 660 mm (26 in). The latter 660-mm (26-in) test section was used 

throughout this study. 

iiibe Kundles 

Tne tube bundles are 5 columns wide by 5 rows deep and were constructed from 2 

different finned tube geometries and two different enhanced tube geometries. All tubes have 

a nominal o.d. of 19.1 mm (0.75 in) and are made from standard copper alloys. The finned 

geometries tested were the 26 fin per inch (fpi) (1024 fin per meter (fpm)) and the 40-fpi 

(1575-fpm). Tne 26-fpi has a standard fin height of 1.45 mm (0.057 in), while the 40-fpi is 

of the low fin variety and has a fim height of 0.86 mm (0.034 in). For a given nominal outer 

diam.eter, lov/-fin tubes typically have a larger inner diameter than tubes with standard height 

fins, and are used in cases where the smaller inner diameter of the standard fin-height tube 
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Table 3.1: Tube geometry specifications 

fin Do D-, L Dr fin ^0 ^0 
count nominQ,: nominsl crKt nominal uCtllul uOuiinSi 

tube fins/m mm mm mm mm m-/m m^/m mr/m 

26-fpi 1024 18.80 14.40 15.90 1.45 0.0588 0.193 0.0454 
40-fpi 1575 18.87 15.70 17.10 0.86 0.0594 0.179 0.0493 

Tu-Cii - 18.90 15.54 17.07 0.91 0.0597 — 0.0488 
G-SC 1024 18.94 14.17 16.82 1.06 0.0595 0.200 0.0445 

fin Do D^ Dr fin Ao A • 
• • / .  

count nominal nominal height nominal actual nominal 

tube fins/in in in in in ft^/ft ft-/ft ft^/ft 

26-fpi 26 0.739 0.568 0.625 0.057 0.193 0.634 0.149 

40-fpi 40 0.743 0.622 0.675 0.034 0.195 0.586 0.163 

Tu-Cii - 0.744 0.612 0.672 0.036 0.196 0.160 

G-SC 26 0.146 0.558 0.662 0.042 0.195 0.656 0.146 

would cause an excessive pressure drop in the water passing through the tube. The bundles 

have a staggered tube arrangement with a horizontal pitch of 22.2 mm (0.875 in) and a venical 

pitch of 19.1 mm (0.75 in). 

The enhanced geometries tested were the Wolverine Turbo C-II (hereafter referred to as 

Tu-Cii). and the Wigland GEWA. SC (hereafterreferredtG ss G-SC). The G-SC is characterized 

by long, Y-shaped fins, while the Tu-Cii has short fins that have been roughened by mechanical 

working. The tube geometric specifications are given in Table 3.1. A photograph of the tube 

geometries tested in this study is shown in Figure 3.2, and a schematic of the tube-sheet (which 

shows the staggered pitch arrangement) is shown in Figure 3.3. 

The tubes were manufactured with a spiral inner heat transfer enhancement in order to 

decrease the water-side heat transfer resistance. Tne water-side enhancem.ents consists of 

several spiral ridges that run axially along the inner surface of the tube. The dimensions of 

the water-side enhancements for each tube are listed in Tabie 3.2. It should be m^entioned that 

the measurement of heat transfer coefficients in this study focuses on the shell-side only. 
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26-fpi 40-fpi Tu-Cii 

(Turbo C-II) 
G-SC 

(GEWA SC) 
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Figure 3.2: Photograph of tube geometries 
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eaded holes 
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Table 3.2: Water-side heat transfer enhancement specifica

tions for the different tube geometries 

1 

tube count 

ridge 
height 

1 1' buiifcU j 
angle j 

26-fpi 10 0.381 mm 

(0.015 in) 

40'' 

40-fpi 10 0.381 mm 
(0.015 in) 

50° 

Tu-Cii 38 0.508 mm 
(0.020 in) 

40° 

G-SC 25 0.540 mm 

(0.021 in) 

20° 

Fastening the tubes into the tube-sheets recjuired that a. number of technical difficulties 

be addressed. The joint between the tube and tube-sheet must be leak-free for the maximum 

water-side-shell-side pressure difference of interest, which in this case is 1030 kPa (150 psia). 

Initially the tube sheets were constructed from brass, and the tubes were fastened to the 

tube sheets by soldering. Because of the high temperature required for soldering, the tubes 

expanded during the soldering process and the bundle warped to a point that it could not be 

properly installed in the test section. The second approach used steel tube-sheets and a soft 

sulucr ihai had a low m.eicing tem.perature. Aithougn tne use of tne low-temperature solder 

prevented warping of the bundle, lealc-proof joints could not be obtained. 

The next approach was to use m-echanical rolling to fasten the tubes into the tube-sheets. 

During the rolling process, the tube is placed into the tube-sheet and radially expanded by 

using a rolling tool. During the expansion, a leak-tight friction fit should develop between the 

tube and tube-sheet. The tube material should be softer than the tube-sheet material, and care 

must taken not to over-roll the tube in order to prevent material failure. Tne amount to which 

the tube should be rolled is a matter of trial and error. A discussion on the art of tube rolling 

can be found in Fisher and Brown (1954). 
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The tubes were supplied with soft, plain ends suitable for rolling. The first choice of 

tube-sheet material was 6065-T651 aluminum alloy. This alloy is quite hard, yet relatively 

inexpensive and easy to machine. Alum.inum is also resistant to corrosion, which is important 

because one side of the tube-sheet is exposed to water. The thickness of the tube-sheets was 

chosen to be 25.4 mm (1 in). This choice was based on the discussion in Fisher and Brown 

(1954), consultation with several industry person.nel, and an investigation of several other heat 

exchangers in the laboratory. The use of aluminum tube-sheets was not successful, as small 

pinhole leaks that could not be fixed were present in the rolled joints. Because of the bundle 

pitch, the ligatures between the holes axe quite thin, and even though the aluminum alloy used 

was quite hard, the ligatures were not able to withstand the stresses of the rolling process. 

Thus, the holes in the tube-sheets deformed just enough to prevent a leak-tight joint. 

The final choice of tube-sheet material was 316 stainless steel, which is significantly 

stronger than aluminum and corrosion resistant as v;ell, but also substantially more expensive 

and more difficult to machine. No problems were encountered in producing leak-tight joints 

using the stainless steel tube-sheets. 

Impingement plates were installed on the top of the tube bundle to disperse the incoming 

T-ptn<yprpnT vP'nor j_)iyprQir\r> r>lc>tAc inct'oiloH n t-Utck tG CnSlirC tllclt u.11 

vapor entering the test section flov/ed through the bundle. The diversion plates consist of a 

steel frame covered with glass, which allows viewing of the condensation phenomenon from 

the test section sight windows. The space between the diversion plates and the sides of the tube 

bundle is the same as the space between adjacent tubes in the bundle. In an actual refrigerant 

condenser, the entire shell is tilled with tubes and the refrigerant is forced to now through 

the bundle. Without the diversion plates installed in the test section, the refrigerant vapor 

follows the path of least resistance and flows around, instead of through, the bundle. When 

the refrigerant in the test section flows around the bundle, the amount of condensation that 
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occurs on the perimeter tubes is higher than the amount of condensation that would normally 

occur on the perimeter tubes of an actual condenser. 

A single-pass water flow arra.ngem.ent is used. L". order to insure that the water flow rate 

through all tubes was uniform, the tubes on the water outlet end of the bundle were fltted with 

rubber stoppers containing a 25.4 mm (1 in) long piece of 4.763 mm (0.1875 in) i.d. copper 

tube. The stoppers induced a large pressure drop, causing losses in the inlet water header to 

be negligible, thus creating a uniform water distribution. 

Refrigerant Loop 

Tliie refngerant loop is used to set the rcfngcranL inlci condiuon lO tuc test scctiun. 

Refrigerant is pumped into the boiler, which is a 7.315 m (24 ft) long section of 19.1 mm 

(0.75 in) o.d. stainless steel tube. The refrigerant is boiled by passing electrical current through 

the walls of the boiler tube. The current is supplied by a 40 kVA SCR controlled recdfier. 

After leaving the boiler, the refrigerant passes into the primary superheater, which is a 

1.83 m (6 ft) section of 38.1 mm (1.5 in) i.d. copper pipe wrapped with electric heat tapes. 

Downstream of the primary superheater is the secondary superheater, which is a 610 mm (2 ft) 

section of 38.1 mm (1.5 in) i.d. copper pipe wrapped with electric heat tapes. 

initially, tne supcrneatcrs were construciCG rrom Iv.i mm ivij o.u.. copper tube. 

A , CA wp av./iU55 Liio iupC'iiioaLL'i5, mu uuiioi piciiuic 

to be relatively high. Since the pressure in the boiler was elevated, the refrigerant boiling 

temperature was also elevated, and the boiler tube would have been operated at excessively 

high temperatures in order to boil the refrigerant unless changes were made to the superheaters, 

increasing the diameter of the superheater pipe eliminated the large pressure drop and allowed 

the boiler to operate at a safe temperature. 

After leaving the superheaters, the refrigerant flows into the test section and condenses 
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on the tube bundle. The condensed refrigerant leaving the test section flows through a shell-

and-tube condenser and then into a chilled storage tank which is located at the inlet of the 

pump. The condenser is necessary to subcool the refrigerant liquid so that it can be puntped. 

The storage vessel insures that the pump will never be starved for liquid. 

A diaphragm-type positive displacement pump is used to circulate the refrigerant. The 

diaphragm pump is well suited to the present study for several reasons. First, the diaphragm 

pump prevents any oil from entering the refrigerant, as v/ould be the case if a compressor 

was used to circulate the refrigerant. Secondly, the diaphragm pump is not plagued by the 

shaft seal leakage problems which affect conventional centrifugal and gear pumps. Thirdly, 

the diaphragm pump does not require the working fluid to provide lubrication for its internal 

moving parts, as gear pumps do. Finally, the diaphragm pump can withstand pressures up 

to 6890 kPa (1000 psia) and is significantly cheaper than magnetically coupled centrifugal 

pumps of the same pressure capabilities. 

The original rig construction contained a coaxial condenser instead of the shell-and-tube-

storage vessel combination described above. Tne design of the coaxial unit was such that 

significant liquid holdup occurred in the unit, causing the pump to cavitate. This cavitation 

evcirLuaily leu io failure of i-'np diannrpgrns within the purr.p. The coaxial ccndcnscr was 

also oversized, making control of the refrigerant subcooling nearly impossible. The usual 

condition was for the refrigerant leaving the coaxial condenser to be subcooled far beyond 

the level necessary for pumping. The elevated subcooling level decreased the capacity of the 

boiler, as a significant portion of the boiler energy was required to remove the subcooling. 

The refrigerant loop also contains a degassmg tower, which is a 1.52 m (5 ft) high length 

of 102 mm (4 in) i.d. copper pipe mounted vertically. During a degassing cycle, refrigerant 

is boiled and fed into the m.iddle of the tower. The heavier vapor refrigerant condenses on 

a small coil installed in the top of the tower and falls to the bottom of the tower, while the 
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lighter non-condensible gases collect in the top of the tower and are periodically purged. 

Water Loop 

Water is pumped through the tube bundle to cool the tube surfaces during condensation, 

and hence remove the energy released from the refrigerant during the condensation process. 

The water leaving the tube bundle is split off into two streams for purposes of controlling 

the test section inlet temperature. One stream passes through a set of liquid-to-liquid heat 

exchangers, where the energy added as the water passes through the tube bundles is removed. 

The other stream passes through an SCR-controlled electric heater. The electric heater is used 

to precisely control the water temperature at the test section inlet. The two streams Lhen merge 

and flow into the test section. Two centrifugal pumps are used to circulate the water. 

The water loop also contains an in-line nitration system to clean the water. The filtration 

system consists of eight cartridge-type household water filters connected in a parallel arrange

ment. Before the filtration system was installed, the water became quite rusty after only one 

day of use, which required the water to be drained on a daily basis. Also, the water boxes had 

to be removed daily so that mineral deposits could be cleaned from the the inner tube surfaces. 

Smce energy calculations are performed on the water loop, accurate water specific heat values 

are necessary. Therefore, corrosion inhibitors could not be added to the water because their 

effect on specific heat was not known. The filtration system as presently insialled removes all 

of the rust and mineral particles from the water on a continuous basis. 

Giycoi Chiller 

The cold source for the liquid-to-liquid heat exchangers, the refrigerant subcoolers, and 

the condenser in the degassing tower is a nominal 141 kW (480 000 Btu/hr) packaged chiller 

unit capable of supplying 35 kW (120 COG Btu/ar) at an evaporator temperature of -17.7°C 
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(0°F). The chiller unit has a 4 cylinder compressor equipped with unloading and a 1140 1 

(300 gal) water/glycol storage tank. 

Data Acquisition System 

The data acquisition system consists of two switch/control units and a high resolution 

digital multimeter controlled by an 80386 SX computer. The computer program that obtains 

the transducer measurements from the instruments is also capable of making water and 

refrigerant energy transfer rate calculations. 

The temperatures necessary for the calculation of the shell-side heat transfer coefficient 

(cxccpt for the rcfngcrant SaiUiaLion LCiuuCiatuic^ weic mcasurco. wiln tnerrnisiors calibrated 

to an accuracy of ±0.025°C (0.045°F); other temperatures were measured with Type-T 

thermocouples. 

Pressures were measured with strain gage pressure transducers having accuracies of 

±0.25% X (full scale). Since the saturation pressure is a critical parameter, a redundant mea

surement was taken by a capacitance-type pressure transducer. The pressure measurements 

obtained from the strain gage transducer were used in the heat transfer coefficient calcu

lations, because the strain-gage transducer has a higher accuracy than the capacitance-type 

tTansGuccrj tne redunGanL measuiemeut was used oniy as a cnecK. tsecause and 

CPC-12 have higher vapor pressures thsxi anci v^rv,,-11, transducers with diiierent 

ranges were used to minimize the experimental uncertainty. Strain-gage transducers with a 

range of 0-1034 kPa (0-150 psia) were used during the HFC-134a and CFC-12 tests, and 

strain-gage transducers with a range of 0-345 kPa (0-50 psia) were used during the HCFC-123 

and CFC-11 tests. 

Tne refrigerant and water flow rates were measured by coriolis-effect mass flow meters 

having an accuracy of ±(0.2% x (flow rate) (meter zero stability)). A summary of the 
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Table 3.3: Uncertainties in the measured parameters 

measurement transducer uncertainty 

rcjLiigcrant iniet tciiipcraturc thennistor ±0.025°C (0.045"F) 

refrigerant outlet temperature thermistor ±0.025"C (0.045''F) 

bulk water inlet temperature thermistor ±0.025"C (0.045"F) 

bulk water outlet temperature thermistor ±0.025"C (0.045"F) 

tube water outlet temperatures thermistor ±0.025°C (0.045°F) 

refrigerant pressure strain gage ±2.59 kPa (0.375 psia) 

HFC-134a and CFC-12 
±0.862 kPa (0.125 psia) 

HCFC-123 and CFC-11 

refrigerant mass flow rate coriolis effect ±(0.002m^gy + 0.002 kg/min) 

±(0.002nz^g j- + 0.004 Ibm/min) 

water mass flow rate coriolis effect ±(0.002m;,; + 0.150 kg/min) 

±{0.002miu + 0.331 Ibm/min) 

measurement uncertainties is given in Table 3.3. Since the test facility has nearly 50 different 

transducers, about 1 minute is required to scan through all the transducers. 

The saturation temperature of the refrigerant in the test section was computed from the test 

section pressure measurement. Under the conditions of the present study, direct measurement 

of the saturation temperature was not possible. Because the refrigerant entered the test 

section as superheated vapor and exited as slightly subcooled liquid, the refrigerant normally 

underwent a temperature change of 4°C (7.2°F) as it passed through the test section. In order 

for the saturation tem.perature to be accurately measured, the exact location of the saturation 

temperature within the test section must be known. Determination of this location so that the 

saturation temperature could be measured within ±0.2°C (0.36°F) is nearly im.possible, and 

most likely depends on the amount of superheat, type refrigerant, and tube geometry. 

The saturation temperature can also be obtained from the saturation pressure, via the 

refrigerant saturation temperature-pressure relationship. The pressure remained constant 

throughout the test section, and since a phase change was taking place in the test section. 
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the test section pressure was the saturation pressure. Even tliough highily accurate pressure 

transducers were used, the sensitivity of the saturation pressure to the saturation tenaperature for 

the refrigerants used in this study caused the uncertainty in the derived saturation temperature 

to be rather high relative to the other measured temperatures. For instance. 

at 35°C (95°F) for HFC-134a is 0.041°C/kPa (0.51°F/psia) and 0.22°C/kPa (2.7°F/psia) 

for HCFC-123. The uncertainty in the derived saturation temperature was approximately 

±0.11°C(0.2°F) for HFC-134a and CFC-12, and approximately ±0.2°C(0.36°F) for HCFC-

123 and CFC-11. The derivation of the saturation temperature uncertainty can be found in 

Appendix A. 

The uncertainty in the calculated shell-side heat transfer coefficient is quite sensi

tive to the uncertainty in the saturation temperature. At low heat fluxes, nearly 75% of is iio 

due to the uncertainty in the saturation temperature. At high heat fluxes, approximately 60% 

of is due to the uncertainty in the saturation temperature. 
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CHAPTER 4. EXPERIMENTAL PROCEDURE 

This chapter describes the procedures used to operate the shell-side heat transfer coeffi

cient test facility, as well as the techniques used to calculate shell-side heat transfer coefficients 

using the data obtained from the facility. Before any shell-side heat transfer coeffiicients can 

be calculated, the water-side heat transfer coefficient must be known. The first section of this 

chapter describes the methods used to determine the water-side heat transfer coefficients for 

the tubes used in this study. 

Determination of the Water-side Heat Transfer Coefficient 

In order to calculate the shell-side heat transfer coefficient using the log-mean temperature 

difference (LMTD) approach, the heat transfer coefficient must be known for the water flow. 

If tubes v.'ith. smoct.h inner surfaces ore used, an appropriate correlation (such as the Gnieliiiski 

(1976) correlation) can be used to predict the water-side heat transfer coefficient. 

During the first part of this study, finned tubes with a smooth inner surface were used. 

Unfortunately, the high water-side resistance of the smooth inner surface caused large im

balances between the shell-side and water-side heat transfer resistances, and this imbalance 

prevented accurate calculation of the shell-side heat transfer coefficient. Thus, finned tubes 

with water-side heat transfer enhancements were necessar}'. The Tu-Cii and G-SC are normal-

Iv manufactured with water-side enhancements. Although the manufacturer had v/ater-side 

heat transfer data available for the 26-fpi, 40-fpi, and Tu-Cii, new correlations were developed 
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for these tubes. Because the tube length in this experiment is significantly shorter than the 

tubes used in the manufacturer's tests, entrance effects might have caused the manufacturer's 

water-side values to be incorrect for the present experiment. No water-side heat transfer 

coefficient data were available for the G-SC. 

The method used to determine the water-side heat transfer coefficient required the shell-

side boiling of HFC-134a (Thors, 1992). Two tubes were installed into the test section using 

a specially designed endcap. The water connection was made so that the water followed a 

series path through the two tubes. Tne test secdon was filled with HFC-134a undl the tubes 

were submerged. Warm water was circulated through the tubes, which caused the HFC-134a 

to boil off the tube surface. The heat flux and saturation temperature of the HFC-134a were 

held constant while the water flow rate was varied. 

The heat flux was controlled by a adding a fixed amount of energy to the water with the 

electric heater, while the saturation temperature was maintained by controlling the temperature 

of the water/glycol circulating through the downstream condenser. The water temperature was 

allowed to vary, while the saturation temperature was set at 14°C (57.2°F) with a deviation 

of no more than ±0.2°C (0.36°F). This saturation temperature resulted in water temperatures 

QlTT-lllpT To tonnH 1 /->/-\ H r* c c* ^ WclS 500 

9 
(8700 Btu/(hr-ft~)) and was allowed to vary by no more than 5%. The water f^ow rates 

corresponded to those necessary for a 2°C (3.6°F) water temperature change across the 

condenser bundle for the tube loading range of interest in this study. 

The mathematical equations governing the water-side heat transfer are: 

q = - T^^ out) = x LMTD (4.1) 

where 

LMTD = —'W,out ^^2) 
^ w.oui ^sai 

111 7JT 
- iu.in~^ sal 
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1 /lo 1 1 

hi = STC^Re;?Pr;?3 (44) 

Equation 4.4 is a form of the familiar Sieder-Tate equation for flow in circular passages, 

where STC is the Sieder-Tate coefficient for the particular geometry. For this equation, 

the properties of water are evaluated at the average bulk temperature [T^ o^i)l2. 

The parameter should be evaluated at the tube wall temperature. Since the tube wall 

temperature could not be calculated in this case, was evaluated at -r 

Substituting Equation 4.4 into Equation 4.3 yields: 

— - AoRiyj ^ Y ̂  STC ~l 

V  b  [ f H w J  

X 

The tube wall thermal resistance in Equation 4.5 is given by 

„  -  N c r / c , ;  , , , ,  

Equation 4.5 is of the form. 

y = a -r bX (4.7) 

An X-'Y' pair was computed for each data point taken in the experiment described 

above. The unknowns are the intercept a, which is the inverse of the shell-side heat transfer 

coefficient, and b, which is the inverse of the STC. The hope is that the slope (and thus the STC) 

, 1  ̂  ^  -  - 1  '  ^  •  *  *  1  
wwuivj.  iv/uiaiii wiiiLaiiL 11 iv^ i i ic piiiciiiicici. u iiliu u v.'cic ucicnilllicu OY 

fitting a line through the X-Y pairs. Since the intercept must be constant for this method to 

be successful, the shell-side heat transfer coefficient must be held constant. Since the pool 

boiling heat transfer coefficient is a function of heat uux and fluid properties, great care was 

taken to maintain constant heat flux and saturation temperature during the tests. 
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Figure 4.1 shows the 26-fpi and 40-fpi water-side heat transfer coefficient test results 

while Figure 4.2 shows the Tu-Cii and G-SC water-side heat transfer coefficient test results 

for the flow rate range of interest in this study. The experimentally determined STCs are: 

0.058 for the 26-fpi, 0.055 for the 40-fpi, 0.065 for the Tu-Cii, and 0.054 for the G-SC. The 

Reynolds number range of the fit data was 7500 < Re < 26 000 for the 40-fpi, 8100 < Re < 

34 000 for the 26-fpi, 7100 < Re < 26 000 for the Tu-Cii, and 8000 < Re < 34 000 for the 

G-SC. The water-side heat transfer enhancement of the four tubes is similar, as the STCs are 

within 20 % of each other. For the fin tubes, the values of h.j predicted with these STCs differ 

from the manufacturer's values by less than 5%. For all tubes, the STC appears to remain 

constant over the flow rate range of interest. 

The determination of the STC for the Tu-Cii posed a difficult challenge. The spiral heat 

transfer enhancement of the Tu-Cii is designed to provide an STC of 0.068 for Re j;;) > 20 000. 

However, for the water-side flow range of interest in this study (9000 < Re/) < 18 000), the 

STC of the Tu-Cii is not constant, and drops to roughly 0.04 at the lower flow rates. Such a 

high water-side resistance makes accurate calculation of the shell-side heat transfer coefficient 

nearly impossible. 

The T^rsT arremp: to solve this prctlem involved the insertion of a solid core inscii. Lu 

form, an annulus for the water to flow through. Theoretical studies show that for turbulent 

flow (Re// > 10 000), such inserts cause a significant increase in the water-side heat transfer 

coefficient. Unfortunately, for a given mass flow rate. Re y decreases as the insert diameter 

increases. Thus, the installation of inserts in the present study caused Re to drop well below 

10 OGG, which characterizes How m the laminar-turbulent transition region. Since turbulent 

flow heat transfer resistance is significantly smaller than laminar flow heat transfer resistance, 

shifting the flow towards the laminar regime is not desirable, and the inserts actually caused 

an increase in the water-side resistance. 
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Figure 4.1; Water-side STC data for tlie 26-fpi and 40-fpi geometries 
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Figure 4.2; Water-side STC data for the Tu-Cii and G-SC geometries 
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The water-side resistance problem was finally alleviated by installing a spring-type 

turbulator used by a refrigeration equipment manufacturer (Glamm, 1993). The device 

consists of a serins that is constructed from a small diameter wire. The soring is simultaneou«:lv 

Stretched and inserted into the tube. The original diameter of the spring is such that a friction 

fit develops between the stretched spring and the tube wall, thus holding the spring in place. 

The effect of the spring is to continually promote turbulence along the length of the tube. The 

pressure drop caused by the spring turbulator is very small. Although the STC produced by 

the spring turbulator is 5% smaller than the normal value, the STC is constant over the flow 

range of interest. 

Rig Operation 

Before the test facility was charged with refrigerant, the system was evacuated with a 

high-vacuum pump for at least 8 hours. After evacuation, the facility was allowed to set 

for several hours in order to check for leaks. The test facility was then charged, and the 

refrigerant degassed for 8 hours. After degassing, the refrigerant was stored in the test section 

and the saturation temperature computed from the saturation pressure was compared to the 

lemperaiure registered by ihe ihenr.isiors in ihe test section, if the agreem.ent was not witnm 

the uncertainty of the transducers, the degassing cycle was repeated. 

Data readings were recorded in order of increasing nominal bundle load, starting at 

16 kW (54 000 Btu/hr) and proceeding to 36 kW (123 000 Btu/hr) in increments of 2 k\V 

(6800 Btu/hr). A short study was performed in which data readings were taken in order 

of decreasing bundle load to determine if any hysteresis was present. The calculated heat 

transfer coefucients appeared to be independent of whether the data points were taken in order 

of increasing or decreasing bundle load. Since the rig was easier to operate by increasing the 

bundle load, the data were taken in order of increasing bundle load. 
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During condensations tests, the following conditions were maintained: 

1. the saturation temperature of the refrigerant in the test section was maintained at 35°C 

±0.1°C(95°F ±0.18°F), 

2. the refrigerant entering the test section was superheated by 3-5°C (5.4—9°F), 

3. the temperature change of the water flowing through the bundle was kept at 2° C ±0.1 ° C 

(3.6°F ±0.18°F). 

In order to calculate the shell-side condensing coefficients, the following parameters 

were measured: 

1. the temperature of the refrigerant vapor entering the test section, 

2. the temperature of the refrigerant condensate leaving the test section, 

3. the temperature of the water entering the test section, 

4. the bulk temperature of the water leaving the test section, 

5. Luc IciVipciciLuic of iiic waicr leaving liie middie tube of each bundle row, 

6. the refrigerant pressure in the test section, 

7. the refrigerant and water mass flow rates. 

For a particular bundle load, the refrigerant and water flow rates were set to appropriate 

values. Next, the boiler and superheater power levels were adjusted until the appropriate 

inlet superheat was obtained, while the water temperature at the inlet of the test section was 

adjusted until the test section saturation temperature was correct. The condensate leaving the 

test scction was visualW inspcctcd for vspor bubbles. If tir.y ur.ccndsr.scd. va"or v/ns found 
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in the condensate, a throttling valve downstream of the test section was closed until all of 

the incoming vapor was condensed on the bundle. If necessary, the water temperature was 

o o •»-< c o to ^r\f tVio CO ••t•» 1—o V* • »-U-v C^OjtUOLWvi LU XWA Xtl kS-zOk OV^^kXX_/il OClLLiX L^i 1 i p Vl a L UX V./ UV liiC 

adjustment of the throttling valve. Finally, after all control adjustments were m.ade, the rig 

was operated for several minutes so that steady state was attained. When the rig had come to 

steady state, 10 data scans were made by the computer and the measured data saved to disk. 

This scanning process took approximately 10 minutes. After the data run was completed, the 

rig was shut down, and a short repeatability run was taken the next day. 

Data Reduction 

The data from the 10 scans were loaded into a spreadsheet and then inspected for any 

anomalies. The spreadsheet then averaged the 10 scans and wrote the averaged data values to 

a file. Finally, a FORTRAN program used the averaged data to compute the shell-side heat 

transfer coefficients, using the equations listed below. 

The shell-side heat transfer coefficient was calculated using the LMTD method. In this 

approach, 

q = VqAo X LMTD (4.8) 

where the log-mean temperature difference (LMTD) is defined as 

n-i m 

-  .  ^ w . o u t  ~ W . i n  
LMTD = —7f, Fp—^— (4.9) 

m r, 
set -' la.zn 

and 

T ITT ^sat •'•w.out 

1 1 T 

—  =  —  h  — ( ^ 1 0 ^  
U o  A ^ h i ^  h o  •  ' 
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For this equation, the properties of water are evaluated at the average bulk temperature 

T^u.out)/^- The parameter is evaluated at ^ TwMdk)!^-

cn.srgy trs^s^cr rstc C2,n be cslculstcd. from either the rsfrigcr3.nt sneriiy tr2.risfsr rate 

q — ^'^refi^ref.out ~ ^ref.in) (4.12) 

or the water energy transfer rate 

q = (4-13) 

For the bundle heat transfer coefficient calculations, the refrigerant energy transfer rate 

and the bulk water-side energy transfer rate typically differed by less than 5%, and the two 

values were averaged to determine the energy transfer rate for the bundle. For the row heat 

transfer coefficient calculations, the energy transfer rate could only be determined from the 

water-side flow. In the case of the row coefficients, the tube flow rate was assumed to be 

l/25th of the bulk flow rate. Experimental measurement of the water flow rates from the 

middle tube of each row indicated that the actual flow rated differed from the assumed tube 

flow rate by less than 1%. 

A r r  r ,  / I  o  
1 xi. ^ VY tio vuivuiutvxa., (J vy cio ^ciiwuicitw^o. ix vui Ji—U uaiiwii -r.O. l liC' iliL/li'MU-C ilCtlL LiclllMCi 

coefficient, /zo, can then be calculated by rearrangement of Equation 4.10: 

1.  ^ / '  A  1  
•-0 — ~t 7\  ̂ y-'-'-'j 

TFo -

The temperature of the outer tube surface, which was used to find the driving temperature 

difference 'I'sat ~ '-^s.o, can be calculated from 

1  7 - ^  n  /  n  N '  1 
(4.15: 

' D j L h ^  2 ~ k i ^ u L  

Tnis method was used to calculate the average shell-side bundle heat transfer coefficients 

as well as the average shell-side heat transfer coefficients for the middle tube of each row. The 
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tube length used in the calculation of the outer surface area was 603 mm (23.75 in), which 

was the length of enhanced surface exposed to the refrigerant. The nominal outer diameter 

of the tube was used to calculate the surface area. In other words, the tube outer surface 

area was equal to the surface area of a smooth tube of the same diameter as the enhanced 

tube nominal diameter. The nominal outer surface area was used so that comparisons could 

be made between all the geometries tested, as the actual outer surface area of the Tu-Cii is 

not known. Using the nominal surface area also allows performance comparison on a unit 

length basis. The tube dimensions used in the heat transfer coefficient calculations are given 

in Table 3.1. 

As a check on the tube energy transfer rates, the FORTRAN program computed an 

estimate of bundle heat flux based on the middle tube heat fluxes by multiplying each tube 

heat flux by five, adding the weighted tube heat fluxes together, and dividing the sum by 25. 

The actual bundle heat flux and estimated heat flux generally differed by less than 5%. 

Uncertainty of the Shell-side Heat Transfer Coefficients 

Experimental uncertainty 

The transducers used to obtain parameter measurements from the experimental test 

facility are real devices, and therefore the measurements returned by the transducers are 

subject to some uncertainty. Since the calculated shell-side heat transfer coefficients are based 

on transducer measurements, the calculated coefficients are also subject to experimental 

uncertainty. 

TTng used to dete^mipe tlie experimerit2.1 unccrtiiinty in tiie c2.1culu,ted hCtiL tru-Psfcr 

coefficients is the propagation of errors approach described in Holman (1984). This method 

uses the SQUsres of the uncertninties in the independent piir2.nieters to compute the uncer-

1 o 1 11 O f ^ A S « 11 ro f » ^ o 1 
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experimental uncertainty in the shell-side heat transfer coefficients is given in Appendix A. 

The calculated uncertainties are given in Appendices B, C, D and E, which list the measured 

parameters ano calcuiated data in tabular form for each data run. The uncertainties will be 

discussed in further detail in subsequent chapters. 

Statistical uncertainty 

There may also be statistical uncertainties in the calculated heat transfer coefficients 

due to random variations in the measured parameters. In order to determine the statistical 

uncertainty, a particular data point must be re-taken several times over a long period of time. 

With this information, confidence intervals can be placed on the calculated coefficients. 

Due to time constraints, obtaining enough repeatability data in order to determine the 

statistical uncertainty was not possible. As a compromise, a short repeatability run was taken 

for each refrigerant-tube combination. The repeatability run was compared to the original 

data set. The variation between the data sets was found to be well within the experimental 

uncertainty. Thus, there appears to be no significant random variation in the shell side heat 

transfer coefficients. 

Adaptation of Theoretical Models to the Current Study 

The next two chapters wiii discuss the shell-side heat transfer coefficients obtained 

during the present study. During this discussion, heat transfer coefficients as predicted by 

the Pearson-Withers (P-W) and Webb-Murawski (W-M) models discussed in Chapter 2 are 

also shown for comparison purposes. Several important aspects of adapting the models to the 

current study are discussed below. 
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The Pearson-Withers (P-W) correlation 

The P-W correlation requires that the outer tube surface temperature, T^.o, be known. As 

discussed in Chapter 4, this temperature is calculated, not directly measured. The equivalent 

diameter Dcq is also required for each tube geometry. For the 26-fpi and 40-fpi tubes, Dcq 

is provided by the manufacturer. For the G-SC, Deq was computed from tube dimensions 

supplied by the manufacturer. Insufficient information was available to calculate Deq for the 

Tu-Cii, so no P-W predictions are given for the Tu-Cii. 

Since the P-W correlation was derived from data for 26-fpi and 19-fpi tubes, using the 

model for the 40-fpi and G-SC tubes is somewhat of an extrapolation. The 40-fpi uses the 

same type of fins but has a higher fin density than the tubes used in the development of the 

P-W correlation. The G-SC has the same fin density but has a different fin shape than the 

tubes used in the development of the P-W correlation. Also, HCFC-22 was the only working 

fluid used during the development of the P-W correlation. 

The heat transfer coefficients given by the P-W correlation are based on the actual outer 

surface area of the tube, while the heat transfer coefficients determined in this study are 

based on the nominal outer surface area. Since the predicted and experimental heat transfer 

coefficients must have the same area basis before they can be compared, the heat transfer 

coefficients predicted by the P-W correlation have been converted to a nominal outer surface 

ordo Kocic 

The Webb-Murawski (W-M) correlation 

The W-M correlation requires that the condensate flow rate from each tube row be known. 

The flow rate of the condensate draining from the tube rows is difficult to determine for the 

tube bundles in this study. A real-time measurement of the condensate flow rate from each 

tube row is impossible because of the confined space. Tnerefore, the condensate flow rate 
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must be estimated, which is also difficult because the bundles use a staggered arrangement 

with a very tight pitch. The horizontal pitch is 22.2 mm (0.875 in), which leaves only a 

3.18 m.m. (0.125 in) gap betv/een the tubes in any given row. The vertical pitch is 19.1 mm 

(0.75 in), which leaves no gap between the rows (thus, the staggering of the rows). 

For the staggered arrangement used in this study, the tubes in rows 1,3, and 5 are directly 

in line, while the tubes in rows 2 and 4 are directly in line. Most of the condensate from 

the tubes in row 1 falls directly downwards to the tubes in row 3. However, because of the 

tight pitch, side drainage due to vapor velocity effects, and splashing, some of the condensate 

from row 1 inevitably falls on row 2. The same phenomena affect the condensate draining 

from rows 2, 3, and 4. ITie condensate flow rates will be esdmated as follows: all condensate 

draining from row 1 is assumed to fall on row 3, all condensate draining from row 3 is assumed 

to fall on row 5, and all condensate falling from row 2 is assumed to fall on row 4. 

For the outside columns (which can be viewed from the sight windows), visual observa

tion of the condensation phenomenon indicated that the condensate generally drains straight 

down, but that splashing is noticeable at high bundle loads. Thus, the above assumption 

should provide a reasonable estimadon of the actual tube condensate flow rates. 

are available for the 40-fpi tube. The 26-fpi W-M constants will be used to esdmate the 40-fpi 

heat transfer coefficients. It should be mentioned that CFC-11 was the only working fluid 

used in the development of the W-M correlation. 
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mjAtrrtrio c uirr' 17/I0, cum i cttm?/^r»\Tr»trv:Q 

Shell-side condensation heat transfer coefficients for HFC-134a are presented in this 

chapter. Bundles constructed from four different tube geometnes were tested over a nominal 

heat flux range of 16 000 W/m" (5100 Btu/(hr-ft^)) to 41 000 W/m~ (13 000 Btu/(hr-ft~)). 

For each tube geometry, average bundle heat transfer coefficients as well as the average heat 

transfer coefficient for the middle tube of each row are presented in graphical format. The 

HFC-134a row and bundle average heat transfer coefficients are compared to those for the 

condensation of CFC-12. A complete tabular listing of the entire set of HFC-134a data taken 

during this study can be found in Appendix B, while a tabular listing of the CFC-12 data can 

be found in Appendix C. In the following discussion, row 1 refers to the top row of the bundle, 

with the row number increasing towards the bottom of the bundle. For example, row 5 is the 

Kr%tf<~vTY^ rrw\i ir» tV^o. 

As discussed in Chapter 4, the nominal outer surface area of the tube was used in the 

calcuiation of the shell-side heat transfer coefficient. The nominal outer surface area is based 

on the nominal outer diameter of the tube so that the tube outer surface area was equal to the 

surface area of a smooth tube of the same diameter as the enhanced tube nominal diameter. 

11 f» r" •fV* ^ « <-v <-3 » <-«, ^ ^ M » •-l-, _ A ^ 1 Aiic*o« i4v^u.L 1VC5U111 LIUO V.^liapLV^l ClKt^ '-'aik-'Va <_»11 LUUC 

outer surface area, not the actual tube outer surface area. 
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Results for the 26-fpi Geometry 

Average bundle heat transfer coefficient results 

Figure 5.1 shows that the average shell-side bundle heat transfer coefficient (HQ q) for 

the 26-fpi geometry decreases with increasing heat flux. An increasing bundle heat flux 

corresponds to an increasing refrigerant mass flow rate. As the mass flow rate (and hence, 

heat flux) increases, the liquid layer on the tubes becomes larger. The measured value of jj 

drops from 14 840 W/Cm^-K) (2610 Btu/(hr-ft--F)) to 12 610 W/(m^-K) (2220Btu/(hr-ft--F)), 

which is 15%, over the heat flux range tested (16 000 W/m" (5100Btu/(hr-ft")) -41 000 W/m-

(13 000 Btu/(hr-ft^))). The data for the repeatability run are also plotted on Figure 5.1. The 

repeatability of the experiment can be seen by comparing the data points for run 1 and run 2. 

This figure indicates that the data for q can be repeated over the entire range of bundle 

loads tested, as the difference between the two runs is generally less than 2% over the entire 

heat flux range tested. 

Figure 5.2 shows the variation of q with the LMTD, while Figure 5.3 shows the 

variation of ^ with the condensation temperature difference, — Ts,o- As previously 

discussed, the wall temperature is calculatcd. not directly measured. As ii ie LmTD and — 

Ts,o increase, more refrigerant is condensed. Thus, an increasing LMTD and - Ts..o 

correspond to an increasing heat flux. The LMTD is a measure of the overall water-refrigerant 

temperature difference that drives the condensation, while — T^.o is the portion of the 

overall temperature difference that occurs between the tube outer surface and the refrigerant. 

Since the same trend in k^ jj is present in both flgures, ihe uc:id in !iq q is due to a sheii-side 

phenomenon. 

Uncertainty bars are also plotted on Figure 5.2, and show that the experimental uncer

tainty in h f> ranges from ±9% to ±15%. This figure indicates that wi decreases as 
' o.D 

the LMTD, and hence heat flux, increases. As the LMTD increases, and 
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Figure 5.1: Average shell-side bundle heat transfer coefficient vs. heat flux for the con

densation of F1FC-I34a on the 26-fpi geometry 

^sat — increase, but the uncertainty in these temperature differences remains the same. 

Therefore, the uncertainty in these temperature differences becomes less significant as the 

temperature differences increase. The calculation of q is quite sensitive to these temper

ature differences, thus wj^ ^ decreases as the uncertainty in these temperature differences 

becomes less significant. Tne data for the repeatability run are also plotted on Figures 5.2 and 

5.3. 

Average row heat transfer coefficient results 

Figure 5.4 shows the behavior of the average heat transfer coeificients for tne middle tube 

of each row {h^ at different bundle loads for the 26-fpi. This figure indicates that fi^ for 

rows 1 and 2 generally decreases with increasing bundle load, but for rows 3, 4, and 5 

is independent of bundle load. The value of ^ for rov/s 1 and 2 drops abcut 20% over the 
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Figure 5.2: Average shell-side bundle heat transfer coefficient vs. LMTD for the conden
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Figure 5.4: Average shell-side row heat transfer coefficient vs. row number for the con
densation of HFC-134a on the 26-fpi geometry 

bundle load range tested (16-36 kW, or 54 600-123 000 Btu/hr). As bundle load increases, 

the amount of condensate draining on rows 3, 4, and 5 increases. Thus, the data indicate that 

the 26-fpi is not affected by liquid inundation from higher rows. 

The decrease of ^ for rows 1 and 2 with increasing bundle load is consistent with the 

single-tube theory, which predicts that will drop as — Ts.g increases. In the present 

data, Tgfji — Ts,o increases with heat flux. Since row 1 is not subject to condensate drainage 

and row 2 is subject to very little condensate drainage, these rows can expected to behave 

as the single tube does, and p for rows 1 and 2 drops with increasing heat flux. Since 

increasing heat flux is directly proportional to increasing bundle load, the data also imply that 

the drop in with increasing heat flux is due to the phenomena occurring in rows 1 and 2 

only. 

In general, Figure 5.4 shows that ^ i.'^.creases from row 1 to 2, decreases from row 
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2 to 3, then increases through row 5. The magnitude of the increase of ^ from row 1 to 

2 is not dependent on bundle load, and ranges from 2>% at 26 kW (88 JOO Btu/hr) to 9% at 

20 kW (68 300 Btu,/hr). The magnitude of the decrease in ^ from row 2 to 3 is largest at 

low bundle loads, and ranges from 18% at a bundle load of 36 kW (123 000 Btu,/hr) to 33% 

at a bundle load 16 kW (54 600 Btu/hr). The magnitude of the increase in ^ from rows 3 

to 5 is approximiately 18% for all bundle loads. 

The increase m from row 1 to 2 was also observed by Honda et al. (1992), who 

suggest that the increase may be due to a vapor velocity effect. Tne vapor velocity approaching 

row 1 is quite small because of the large surface area at the top of the bundle. However, the 

vapor velocity approaching row 2 will be significantly larger, because the vapor must flow 

through the narrow gaps between the tubes of row 1 in order to reach row 2. The reduction in 

flow area will result in an increase in the vapor velocity at the top of row 2. The vapor velocity 

tends to rip the condensate layer from the tube surface, thus increasing the heat transfer. 

Therefore, the 26-fpi bundle appears to be subject to vapor velocity effects. 

Row 3 has the lowest values of j^. Since the instrumented tube in row 3 is in the 

middle tube of the bundle, this tube is one of three tubes in the bundle which does not have 

any s'.'n?.ce exposed to the vapor spaces in t.^.e test section. Thus, this tube rr.ay be starved of 

vapor. Also, row 3 is the first row to be fully inundated by condensate draining from a tube 

directly above it. 

The value of increases over rows 4 and 5. Row 5 has its entire bottom surface 

exposed to refrigerant vapor. Thus, any vapor which passes around the sides of the bundle 

can condense on row 5. Some of this vapor can also condense on row 4, since a small portion 

of each tube in row 4 is also exposed to the vapor at the bottom, of the condenser. Honda et al. 

(1991) predicts a jump in as the dripping mode changes from column mode to sheet 

mode. Since the instrumented tubes are internal to the bundle, it was not possible to see if a 
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transition from column to sheet mode was occurring. 

As of this writing, no archival data were available for the condensation of HFC-134a 

rvn ' I hck Artfn r\f T-Jr\n/^o ol /'1000^ r\C ^ ^'A Aiiw vb Ui. \^x y J bikW wUiidviJoU.LiSM'ii N-/1 V^~ 1 X«) Oil d 

1024-fpm (26-fpi) staggered bundle do show the increase in from, row 1 to 2. The data 

of Honda et al. (1991) also shows the same trend for the condensation of CFC-113 on an 

in-line smooth-tube bundle with a vapor velocity of 18.9 m/s (62 ft/s). The trend is also shown 

for a 1024-fpm (26-fpi) in-iine bundle with a vapor velocity of 3.4 m/s (11.2 ft/s), although to 

a lesser extent than with the smooth bundle. Tne vapor velocity in the gap between the tubes 

of the first row is less than 1 m/s (3.28 ft/s). 

Figure 5.5 shows the repeatability of p for two different bundle loads. The repeatabil

ity of the experiment can be seen by comparing the data points for run 1 and run 2. This figure 

indicates that the data for ^ can be repeated over the entire range of bundle loads tested, 

as the difference in the row coefficients for the two runs is less than 2%. Uncenainty bars are 

also presented for the 18 kW (61 400 Btu/hr) run to demonstrate the level of uncertainty in 

the row-by-row analysis. Figure 5.5 also demonstrates the large drop in ^ with increasing 

bundle load for rows 1 and 2, and the independence of with bundle load for rows 3, 4, 

o •-> H N 

Comparison to the P-Vv and Vv-M correlations 

Values of ji as predicted by the P-W (Pearson and Withers (1969)) and the W-M 

(Webb and Murawski (1990)) correlations are plotted on Figure 5.1. The application of 

these two correlations to the present study was discussed in Chapter 4. The P-W correlation 

•r, T"i^ 1 t c o 1 I-i C T ^ OOO >2 1 r\r\ O*., ^A. A /C V-*-t v-'p 1*1 'i'Q CIO LliV ll^UC llU/X liv/lil AW \_/ WV7 T V / lil AUWl^uU/V^iiA lU )) 

0 9 
to 41 000 W/m~ (13 000 Btu/(hr-ft~)). The m.easured values of q show a 15% drop over 

the same heat flux range, and are in excellent agreement with the P-W correlation. The W-M 
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Figure 5.5: Average shell-side row heat transfer coefficient vs. row number for the con
densation of HFC-134a on the 26-fpi geometry 

correlation predicts that ^ is not affected by the amount of condensate draining from the 

tube, and is thus independent of heat flux. 

As previously mentioned, rows 3,4, and 5 show no condensate inundation effects, which 

is in agreement with the W-M correlation. Webb and Murawski (1990) report that the fins 

of 26-fpi prevent the draining condensate from spreading axially and further covering the 

condensing surface. Tne decrease in ^ for rows 1 and 2 with increasing bundle load is 

consistent with the the P-W model. The P-W correlation is based on single-tube theory, which 

predicts that ho will drop as — Ts,o increases. As bundle load increases, T^at ~ Ts.o 

increases because of the thickening liquid layer on the tube, and hence drops with 

increasing bundle load. 
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Results for the 40-fpi Geometry 

Average bundle heat transfer coefficient results 

Figure 5.6 shows that the average shell-side bundle heat transfer coefficient q) for the 

40-fpi geometry is fairly constant at approximately 17 200 W/(m~-K) (3030 Btu/(hr-ft"-F)) 

as heat flux increases through 30 000 W/m- (8900 Btu/(hr-ft")), then decreases by 10% 

to 15 500 W/(m2-K) (2700 Btu/(hr-ft2-F)) as the heat flux increases to 41-000 W/m^ 

(13 000 Btu/(hr-ft*')). An increasing bundle heat flux corresponds to an increasing refrig

erant mass flow rate. As the m.ass flow rate (and hence, heat flu.x) increases, the liquid layer 

on the tubes becomes larger, and the heat transfer resistance increases. The data suggest that 

up through a heat flux of 30 000 W/m~ (8900 Btu/(hr-fL^)), the 40-fpi is able to sufficiently 

drain the condcp.sstc so thnt no cffcct of liouid Isycr thickr.css is seen. 
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The data for the repeatability run are also plotted on Figure 5.6. The repeatability of 

the experiment can be seen by comparing the data points for run 1 and run 2. This figure 

indicates that the data for q can be repeated over the entire range of bundle loads tested, 

as the difference between the two runs is less than 2%. 

Figure 5.7 shov/s the variation of Iiq ^ with the LMTD. Figure 5.8 shows the variation 

of Q with the condensation temperature difference, — Ts,o- The v/all temperature is 

calculated, not directly measured. Since the same trends in ^ are present in both figures, 

the trend in q is due to a shell-side phenomenon. 

Uncertainty bars are also plotted on Figure 5.7, and show that the experimental uncertainty 

in /i„ r> ranges from d- 6% to ± 13%. This figure indicates that vjl „ decreases as the heat u.i^ a - o 

flux increases. As the heat flux increases, T^at ~ '^w.oul '^sat ~ '^lu.in increase, but the 

uncertainty in these temperature differences remains the same. Therefore, the uncertainty in 

these temperature differences becomes less significant as the temperature differences increase. 

The calculation of n is quite sensitive to these temperature differences, thus iul ^ 

decreases as the uncertainty in these temperature differences becomes less significant. The 

data for the repeatability run are also plotted on Figures 5.7 and 5.8. 

Average row heat transfer coefficient results 

Figure 5.9 shows the row behavior of the 40-fpi for different bundle loads. This figure 

indicates that ^ for rows 2 through 5 generally decreases with increasing bundle load, with 

the decrease in d being more significant for rows 4 and 5. For example, for row 3 

decreases from 17 340 W/(m--K) (3050 Btu/(hr-ft~-F)) at a bundle load of 16 kW (54 600 

Btu/"nr) to 16 180 w7(m--K) (2850 Btu/(hr-ft~-F)) at a bundle load of 36 kW (123 000 Btu/hr), 

which is a 1% drop, while over the same bundle load inten/ai, ^ for row 5 decreases from 

14 840 W/(m2-K) (2600 Btu/(hr-ft--F)) to 11 130 W/(m2.K) (1960 Btu/(hr-ft2-F)), which is 
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Figure 5.7: Average shell-side bundle heat transfer coefficient vs. LMTD for the conden

sation of HFC-134a on the 40-fDi aeometry 

cj 

20000 

17500 

15000 

12500 

0 
Tsat - Ts,o, F 

3 4 7 
1 1 1 1 1 1 1 1 1 1 T" T 1 I I I i "1—I—1—1—I—I—I—r~ 

cgrooQ 

ca 
o' 

7500 

5000 

250n — O run 1 
= • run 2 

3500 

3000 

0 r^r\r\ 

1 c;d~\r\ JL ^\J\J 

1000 

500 

n 

T 

2 
- T °C S.O' 

Figure 5.8: Average shell-side bundle heat transfer coefficient vs. condensation tempera

ture difference for the condensation of HFC-134a on the 40-fDi eeometrv 



www.manaraa.com

68 

18000 

O 16000 o 

^ 14000 

o 

12000 

10000 

O 16 kW (54 600 Btu/hr) 
• 18 kW (61 400 Btu/hr) 
O 20 kW (68 300 Btu/hr) -

22 kW (75 100 Btu/hr). 

^ e 24 kW (81 900 Btu/hr) 
• 26 kW (88 700 Btu/hr) 

<S! 28 kW (95 600 Btu/hr) 
t 30 kW (102 000 Btu/hr) 
X 32 k1>V (109 00(j) Btu/hr) 

3250 

3000 

2750 
->E-

^ 34 kW (116 OOO Btu/hr) 
^ 361p/ (123 OOOBtu/hr) I 

2500 
02 

2250 

2000 

1 2 3 4 5 
row number 

Figure 5.9: Average shell-side row heat transfer coefficient vs. row number for the con

densation of HFC-134a on the 40-fpi geometry 

a 25% drop. 

Tne decrease in ^ may be- partly due to the increase in liquid layer on the tube as 

bundle load increases. Also, the 40-fpi may be susceptible to condensate inundation effects. 

The decrease in ^ is more noticeable in rows 4 and 5, which are the rows that would 

be most inundated with drainage from the higher rows. The 40-fpi has shorter fins than the 

26-fpi, and may not prevent axial spreading of the condensate as well as the 26-fpi. 

The variation of ^ for row 1 appears to be independent of bundle load. The minimum 

value of hg ^ for row 1 is 16 530 W/(m^-K) (2910 Btu/(hr-ft~-F)) and occurs at a bundle load 

of 24 kW (81 900 BtuAir), while the maximum value of 17 430 W/(m"-K) (3070 Btu/(hr-ft--F)) 

occurs at 32 kW (109 000 Btu/hr). 

In general, Figure 5.9 shows that p decreases from row 1 to 2, increases from row 2 

to 3. then decreases throush row 5. The magnitude of the decrease in /?. „ r? from row 1 to 2 is 
—  O . i X  
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dependent on bundle load and ranges from 17% at a bundle load of 16 kW (54 600 Btu/hr) to 

approximately 25% for for the 4 highest bundle loads tested. Tne magnitude of the increase 

in from row 2 to 3 appears to be independent of bundle load, and ranges from from 20% 

at a bundle load of 16 kW (54 600 Btu/hr) to 33% at a bundle load of 28 kW (95 600 Btu/lir). 

The magnitude of the decrease in from row 3 to 5 is dependent on bundle load and 

ranges from 16% at a bundle load of 16 kW (54 600 Btu/hr) to 36% at bundle load of 36 kW 

(123 000 Btu/hr). 

The row-to-row behavior of this bundle is quite peculiar. The decreases in ^ from 

row 1 to 2 and from row 3 to 5 can be explained by a thickening liquid layer, but the reason for 

the increase in p from row 2 to 3 is unknown. Michael et al. (1992) noticed a "saw-tooth" 

row effect (ie. alternating increasing and decreasing condensing coefficients) during steam 

condensation in staggered bundles. The variation was attributed to the odd numbered rows 

having 4 active tubes, while the even numbered rows had three active tubes. The rows with 

three active tubes performed better. Although the bundles in these tests all have the same 

number of active tubes in each row, the row staggering may have an effect similar to that 

experienced by Michael et al. The data of Honda et al. (1992) for staggered bundles and the 

data of Irioncia et al. (1991) for m-lmc bundiCS shOvv a. sititiioT Savv-i,ooi.u row v^tauou. 

explanation is given, other than that the variation may be due to experimental uncertainty. 

CFC-113 was used in both Honda et al. (1992) and Honda et al. (1991). 

Figure 5.10 shows the repeatability of p for two different bundle loads. Tne repeata

bility of the experiment can be seen by comparing the data points for run 1 and run 2. This 

ligure indicates that the data for can be repeated over the entire range of bundle loads 

tested, as the difference between the two runs is less than 2%. Uncertainty bars are also 

presented for one of the 18 kW (61 400 Btu/hr) runs to dem.onstrate the level of uncertainty in 

the row-by-row analysis. This figure also demonstrates the drop in kg with bundle load for 
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Figure 5.10: Average shell-side row heat transfer coefficient vs. row number for the con
densation of HFC-134a on the 40-fpi geometry 

rows 4 and 5. Since the uncertainty bands for the first three rows overlap for the the bundle 

load range tested, the variation in the first three rows with bundle load may also be due to 

experimental uncertainty. 

ComDarison to P-W and W-M correlations 

Values of ^ as predicted by the P-W and W-M correlations are plotted on Figure 5.6. 

The P-W correlation predicts a 20% drop in q as the heat flux increases from 16 000 W/m" 

(5100 Btu/(hr-ft-)) to 41 000 W/m~ (13 000 Btu/(hr-ft-)). The measured values of d, 

which drop 10% over the same heat flux range, initially follow the W-M correlation for low-

heat fluxes, and the P-W correlation for high heat fluxes. As previously discussed, both 

correlations are extrapolated for the 40-fpi geometry. The W-M correlation predicts that 
G.LS 

is not affected bv the am.oup.t of condensate draining from the tube, and is thus indc 
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Figure 5.11: Average shell-side bundle heat transfer coefficient vs. heat flux for the con

densation of HFC-134a on the Tu-Cii geometry 

of heat flux. 

Results for the Tu-Cii Geometry 

Average bundle heat transfer coefficient results 

Figure 5.11 shows that the average shell-side bundle heat transfer coefficient n for the 

Tu-Cii geometry drops significantly with increasing heat flux. An increasing bundle heat flux 

corresponds to an increasing refrigerant mass flow rate. As the mass flow rate (and hence, heat 

flux) increases, the liquid layer on the tubes becomes larger, and the heat transfer resistance 

in.creases. The measured values of q drop from 58 340 \V/(m--K) (10 270 Btu/(hr-ft--F)) 

at 20 000 W/m- (6350 Btu/(hr-ft2)) to 35 760 W/(m--K) (6300 Btu/(hr-ft--F)) at 41 000 W/m" 

(13 000 Btu/(hr-ft~)), which is a 39% decrease. 
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Visual observation of the Tu-Cii indicated that the condensate did not always drain 

vertically downward, but often ran axially along the tube. Thus, the positions of the draining 

condensate columns was not fixed. This axial movement of the condensate floods the tube 

area that would normally be available for condensation. This phenomenon was unique to the 

Tu-Cii. Even though the Tu-Cii performance drops significantly with heat flux, the Tu-Cii 

still has a higher q over the entire heat flux range than the other geometries tested. 

Figure 5.12 shows the variation of ^ with the LMTD. Figure 5.13 shows the variation 

of Q with the condensation temperature difference, — Tg.o- The wall temperature is 

calculated, not directly measured. Since the same trends in ^ are present in both figures, 

the trend in q is due to a shell-side phenomenon. 

Uncertainty bars are also plotted on Figure 5.12, and show that the experimental uncer

tainty in Q ranges from ±11% to ±36%. This figure indicates that ^ decreases as 

the LMTD increases. As the LMTD increases, ~ in increase, but 

the uncertainty in these temperature differences remains the same. Thus, the uncertainty in 

the temperature differences becomes less significant as the temperature differences increase. 

The calculation of ^ is quite sensitive to these temperature differences (and hence, the 

LTv'iTDV tniis trr decreases as the uncertainty in these temperature diffcreaccs ucCumcs 
o.B 

less significant. 

The uncertainty is also sensitive to the imbalance between the water-side and shell-side 

resistances. At low heat fluxes, the water flow rate through the tube bundle is quite low, causing 

a large water-side heat transfer resistance. Also at low heat fluxes, the Tu-Cii performs very 

well because of the small amount of condensate draining from the tubes, and the shell-side 

heat transfer resistance is relatively small. 

Equation 4.14 is extremely sensitive to the imbalance between the water-side and shell-

side resistances, and when the imbalance is large, the experimental uncertainty increases. 
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Figure 5.12: Average shell-side bundle heat transfer coefficient vs. LMTD for the conden

sation of HFC-134a on the Tu-Cii geometry 
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During condensation on theTu-Cii at heat flux of 20 OOO \V/m~ (6340 Btu/(hr-ft-)), the water

side resistance is approximately nine times larger than the calculated shell-side resistance. 

Since the Tu-Cii has both a large resistance imbalance and a small LMTD at low heat fluxes, 

the uncertainty is quite high. Since the LMTD increases as heat flux increases and the 

water-side resistance decreases as heat flux increases, the uncertainty drops off rapidly with 

increasing heat flux. 

The data for the repeatability run are plotted on Figures 5.11- 5.13. The repeatability of 

the experiment can be seen by comparing the data points for run 1 and run 2. These figures 

indicate that the data for can be repeated over the entire range of bundle loads tested, as 

the difference between the two runs is less than 2%. 

Average row heat transfer coefficient results 

Figure 5.14 shows the row behavior of the Tu-Cii for different bundle loads. This figure 

indicates that for all rows decreases with increasing bundle load, with the decrease being 

more pronounced for rows 1 and 2. The decrease in ^ with bundle load ranges from 24% 

for row 5 to 49% for row 1. As heat flux increases, the amount of condensate draining from 

the tubes iuciccibc;>. TIic decrease in ^ with increasing bunaie load (and hence heat flux) 

demonstrates that Tu-Cii is quite sensitive to the amount of condensate draining from the tube. 

Since rows 3, 4 and 5 are always inundated with condensate draining from higher rcv/s, the 

effect on of additional condensation due to increasing heat flux is not as dramatic on 

these rows as it is on rows 1 and 2. 

Figure 5.14 also shows the row-to-row behavior of the Tu-Cii geometry. The behavior 

of between row I and 2 is rather peculiar. At a bundle load of 18 kW (6i 400 Btu/hr), 

Iiq decreases by 9% from row 1 to 2. For bundle loads of 20, 24, and 26 k\V (68 300, 

81 900, and 88 700 Btu/hr), does not change from, row 1 to 2. For a bundle load of 
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Figure 5.14; Average shell-side row heat transfer coefficient vs. row number for the con
densation of HFC-134a on the Tu-Cii geometry 

28 kW (95 600 Btu/hr), ^ increases by 5% from row 1 to 2. At 36 kW (123 000 Btu/hr), 

Kq increases by 3% from row 1 to 2. This behavior may be due to the vapor velocity effect 

discussed earlier. The vapor velocity at the top of row 2 is larger than the vapor velocity 

for row 1 because of the flow area constriction above row 2. As the bundle load increases, 

the vapor velocity at the top of row 2 increases and m.ay becom.e large enough to cause the 

increase in from row 1 to 2. The decrease in ^ from row 2 to 4 is due to the effects 

of drainage from higher rows. The decrease in ^ from row 2 to 4 ranges from 38% at 

36 kW (123 000 Btu/nr) to 46% at 18 kW (61 400 Btu/hr). 

The increase in o from row 4 to 5 m.ay be due to the fact that the entire bottom 

surface of row 5 is exposed to the vapor space at the bottom of the test section. The increase 

in Iiq d from row 4 to 5 ranges fromi a negligible change at 18 kW (61 400 Btu,^.r) to 16% at 

36 kW (123 000 Btu,/hr). .As bundle load increases, more vapor may pass through the f.rst four 
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rows of the bundle without condensing. The uncondensed vapor condenses on row 5, which 

explains why the magnitude of the increase in from row 4 to 5 increases with increasing 

bundle load. The row-to-row trend of the Tu-Cii is very similar to the 26-fpi, except that the 

minimum occurs in row 3 for the 26-fpi and in row 4 for the Tu-Cii. 

Figure 5.15 shows the repeatability of for two different bundle loads. The repeata

bility of the experiment can be seen by comparing the data points for run 1 and run 2. This 

figure indicates that the data for ^ can be repeated over the entire range of bundle loads 

tested, as the difference between the two runs is less than 4%. Uncertainty bars are also 

presented for the 36 kW (123 000 Btu./hr) mn to demonstrate the level of uncertainty in the 

row-by-row analysis. This figure also demonstrates the significant drop in p_ with bundle 

load for rows 1 and 2. 

The 16 (54 600 Btu,/hr) Doint for the Tu-Cii is not presented because of its hish 
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experimental uncenainty. The 22 kW (75 100 Btu/hr) point for the Tu-Cii is not presented 

because a transducer malfunction occurred while the point was being taken. 

Comparison to P-W and W-M correlations 

Values of ^ as predicted by the W-M correlation are plotted on Figure 5.11. The W-M 

correlation predicts that ^ decreases by 30% as heat flux increases from 16 000 W/m^ 

(5100 Btu/(hr-ft~)) to 41 000 W/m- (13 000 Btu/(hr-ft~)). The measured values of q drop 

39% over the same heat flux range. Webb and Murawski (1991) state that the Tu-Cii geometry 

allows the condensate to spread axially along the tube, instead of draining the condensate. 

Webb and Murawski also report that the Tu-Cii was more affected by the amount of condensate 

draining from the tube than the 26-fpi and G-SC. The observations of Webb and Murawski 

(1991) are in good agreement with the present study. 

The magnitude of q predicted by the W-M correlation for the Tu-Cii is three to four 

times lower than the measured values. The W-M correlation was developed using only one 

refrigerant, CFC-11, which has the poorest heat transfer performance of the four refrigerants 

tested in this study. Also, it appears that the Tu-Cii is particularly well suited to HFC-134a 

j „ - . -  - y A V, It lO ilWl oul lllUL YY-iVl 1 li UVUS HOI UiUpCilV 

predict the magnitude of for this tube. As mentioned previously, no De.q was available 

for the Tu-Cii, so the P-W correlation is not plotted. 

Results for G-SC Geometry 

Average bundle heat transfer coefficient results 

Figure 5.16 shows that the average shell-side bundle heat transfer coefficient q for 

the G-SC geometry remains constant at 16 200 W/(m"-K) (2850 Btu/(hr-ft--F)) up to a heat 

fiux of 27 COG W/m" (8570 BLu/(hr-it~)) and then decreases wiih increasing heat nux to 
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Figure 5.16; Average shell-side bundle heat transfer coefficient vs. heat flux for the con
densation of HFC-134a on the G-SC seometrv 

14 830 W/(m--K) (2610 Btu/(hr-ft2-F)) at a heat flux of 41 000 W/m- (13 000 Btu/(hr-ft-)). 

An increasing bundle heat flux corresponds to an increasing refrigerant mass flow rate. As 

the mass flow (and hence, heat flux) increases, the liquid layer on the tubes becomes larger. 

The data indicate that the G-SC is not affected by the amount of condensate draining from the 

tube at low heat fluxes, and only mildly affected at high heat fluxes, as q drops only 9% 

over the higher heat fluxes. 

The G-SC only performs better than the 26-fpi tube. Visual observation of the conden

sation phenomenon indicated that there was significant liquid holdup in the Y-shaped fins of 

the G-SC. The flooding angle oj was obser/ed to be nearly 90° at high bundle loads. The 

condensate, instead of draining, floods the condensation area, thus reducing the performance 

of the tube. 

The data for the repeatability run is also plotted on Figure 5.16. The repeatabiliiy of 
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the experiment can be seen by comparing the data points for run 1 and run 2. These figures 

indicate that the data for g can be repeated over the entire range of bundle loads tested, as 

the difference between the two runs is less than 1%. 

Figure 5.17 shows the variation of q with LMTD, while Figure 5.18 shows the 

variation of q with the condensation temperature difference, - Ts.o- As previously 

discussed, the wall temperature is calculated, not directly measured. As the LMTD and i — 

Ts^o increase, more refrigerant is condensed. Thus, an increasing LMTD and — Ts.o 

correspond to an increasing heat flux. Since the same trend in q is present in both figures, 

the trend in q is due to a shell-side phenomenon. 

Uncertainty bars are also plotted on Figure 5.17. This figure indicates that ir/, ^ 
O.D 

decreases as the LMTD, and hence heat flux, increases. As the LMTD increases, — 

'^w.out increase, but the uncertainty in these temperature differences 

remains the same. Therefore, the uncertainty in these temperature differences becomes less 

significant as the temperature differences increase. The calculation of q is quite sensitive to 

these temperature differences, thus ^ decreases as the uncertainty in these temperature 

differences becomes less significant. Since the smallest LMTD corresponds to the lowest 

heHt  i lux  rnp;  pxner imer iTpl  nnrFrrp inTv in  n  r>.  r r^ncrpQ f rnm or  o  f i i :v  r \ f  
• ^ . ^ ^ - w. 

16 000 W/m- (5100 Btu/Chr-ft^)) to ±12% at 41 000 Wm~ (13 000 Btu/(hr-ft-)). The data 

for the repeatability run are also plotted on Figures 5.17 and 5.18. 

Average row heat transfer coefficients results 

Figure 5.19 shows the row behavior of the G-SC for different bundle loads. This 

figure indicates that ^ for all rows generally decreases with increasing bundle load. The 

condensate draining from the tubes increases with bundle load, thus increasing the shell-side 

resistance, and decreasing p^. The largest drop in /:? occurs in rows 1 and 4, where 
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Figure 5.19: Average shell-side row heat transfer coefficient vs. row number for the con

densation of HFC-134a on the G-SC geometry 

hg decreases by 18% over the bundle range tested. The smallest drop in ^ occurs in 

row 3, where drops only 8% over the bundle range tested. 

In general, Figure 5.19 shows that decreases from row 1 to 2, increases from row 

2 to 4, then decreases sharply through row 5. The magnitude of the decrease in from 

row 1 to 2 is not dependent on bundle load, and ranges from 22% at bundle loads of 34 and 

36 kW (116 000 and 123 000 Btu/hr) to 30% at bundle loads of 22 and 26 kW {15 100 and 

88 700 BtuAhr). The magnitude of the increase in ^ from row 2 to 4 is not dependent on 

bundle load, and ranges from 8% at a bundle load of 36 kW (123 000 Btu/hr) to 20% at bundle 

loads of 22 and 26 kW (75 100 and 88 700 Btu/hr). The magnitude of the decrease in 

from row 4 to 5 depends on bundle load, and ranges from 26% at a bundle load of 36 kW 

(123 000 Btu/hr) to 32% at a bundle load of 16 kW (54 600 Btu,^r). 

Tnis behavior is somewhat similar to the behavior of the 40-fpi, except that the second 
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peak in ^ occurs in row 4 for the G-SC, instead of row 3. The sharp drop in from 

row 4 to 5 may be due to the fact that row 5 is being inundated by condensation from rows 

1 and 3. Since the G-SC retains much of the condensate in its Y shaped fins, much of the 

condensate draining from rows 1 and 3 may be retained in the fins of row 5, thus reducing the 

performance of this row. The reason for the peak of ^ in row 4 is unknown. 

Figure 5.20 shows the repeatability of the ^ data for two different bundle loads. The 

repeatability of the experiment can be seen by comparing the data points for run 1 and run 2. 

This figure indicates that the data for ^ can be repeated over the entire range of bundle 

loads tested. The difference between the two runs is less than 2%, except for row 1 at 18 kW 

(61 400 Btu/hr), where the difference between the two runs is 6%. Uncertainty bars are also 

presented for one of the 18 kW (61 400 Btu/hr) runs to demonstrate the level of uncertainty 

in the row by row analysis. This figure also demonstrates the drop in with increasing 

bundle load. 

Comparison to P-W and "W-M correlations 

Values of as predicted by the P-W and W-M correlations are plotted on Figure 5.16. 

The measured values of which drop rou^uly 9% as uie heat nux increases from 

16 000 W/m- (5100 Btu/(hr-ft-)) to 41 000 W/m^ (13 000 Btu/(hr-ft-)), agree well with the 

P-W correlation, which predicts a 20% drop for the same heat flux range. The magnitude 

of predicted by the W-M correlation is about 10% less than the data. Once again, this 

may be due to the fact the the W-M correlation was developed using only CFC-11. The W-M 

correlation predicts a 16% drop in ^ as heat flux increases over the range tested. 
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Figure 5.20: Average shell-side row heat transfer coefficient vs. row number for the con

densation of HFC-134a on the G-SC geometry 

Comparison of HFC-134a and CFC-12 Heat Transfer Coefficients 

Comparison of average bundle heat transfer coefficients 

Figures 5.21-5.24 compare the values of q for HFC-134a and CFC-12 for the 26-

fpi, 40-fpi, Tu-Cii, and G-SC bundles respectively. In all cases, for a given heal fiux, the 

I^FC-134a heat transfer cccfficicnts are higher than tnosc lOr x-or tiic -^o-ipi, ^u-tpi, 

and G-SC, the KPC-134a g values are approximately 20% larger than the CFC-12 q 

values over the heat flux range tested. For the Tu-Cii, the difference in q for the two 

refrigerants varies with heat flux. At 16 000 W/m^ (5100 Btu/(hr-ft-)), q for HFC-134a 

is 100% larger than that for CFC-12, while at 41 000 W/m" (13 000 Btu/(hr-ft~)), q for 

KFC-i34a is 33% larger than that for CFC-12. 

The improved performance of HFC-134a over CFC-12 is due to the fact that the thermo-
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physical propenies of HFC-134a are generally more favorable for condensation heat transfer 

than those of CFC-12. First, the enthalpy of vaporization forHFC-134a is roughly 23% larger 

than that of CFC-12. Thus, at a given heat Rux, the CFC-12 mass flux is 23% larger than the 

HFC-134a mass flux. The larger mass flux results in a larger liquid layer on the tubes, which 

decreases the condensation heat transfer coefficient. Secondly, the liquid thermal conductivity 

of HFC-134a is 17% larger than that of CFC-12, resulting in better heat transfer through the 

condensate layer on the tube surface. Thirdly, the surface tension of CFC-12 is 36% larger 

than that of HFC-134a. Surface tension forces are responsible for liquid retention in the 

draining channels of the tube, and hence flooding of the tube surface. The liquid viscosity 

of HFC-134a is 3% larger than that of CFC-12. A higher liquid viscosity would increase the 

drag between the wall and the downward flowing condensate, thus decreasing the heat transfer 

coefficient. 

In comparison to CFC-12, the surface tension, enthalpy of vaporization, and liquid 

thermal conductivity of HFC-134a are better suited to condensation heat transfer, and outweigh 

the negative effect of HFC-134a's larger liquid viscosity. Thermophysical properties for HFC-

134a and CFC-12 are given in Table 5.1. Properties for CFC-113, which was used to obtain 

r n p  f  1  ]  ^ J n r i  r i o t o  r i i  t h i c  r ' h  o  
- .... _ .  .... ^ - - ,  . - ^ ^ ^ w W ^ wo ^ w VAAOV/ XlJl t l lXO 

The properties of HFC-134a are also more favorable for condensation heat transfer than those 

of CFC-113. 

Figures 5.21-5.24 also indicate that ^ generally decreases with increasing heat flux 

for all tube geometries, although the change is much more dramatic for the Tu-Cii. Figure 5.23 

indicates that at low heat fluxes, the Tu-Cii q for for KFC-134a is lOOvo higher than Tu-Cii 

Aq q for CFC-12. However, the experimental uncertainty at low heat fluxes is approximately 

±35%. Tnus, the improvement of the HFC-134a Tu-Cii q over the CFC-12 value at low 

heat fluxes may not be as dramatic as shown in Figure 5.23. 
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Table 5.1: Property comparison for HFC-134a, CFC-12, 
and CFC-113 at 35°C 

property HFC-134a CFC-12 CFC-113 

V r, m-'/kg 

Vg, m^/kg 

pJ ,  kg/m^ 

Pg,kgjm^ 

' f<f 

Cp f, kJ/(kg-K) 

Cp^g, kJ/(kg-K) 

fty, ftPa-s 

iiPa-s 

A-'y, mW/(ni-K) 

kg, mW/(m-K) 

(7, mN/m 

886.900 

8.5670E-04 

2.3060E-02 

1167.00 

43.36 

168.40 

1.472 

1.080 

188.40 

12.78 

76.11 

15.05 

6.78 

838.000 

7.8470E-04 

2.0510E-02 

1274.00 

48.75 

129.70 

1.040 

0.779 

182.00 

13.24 

63.06 

10.88 

10.74 

64.990 

6.4900E-04 

2.0240E-01 

1541.00 

A Q/1 

144.40 

0.893 

0.653 

579.80 

10.51 

68.43 

9.04 
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The data for the CFC-12 repeatability run is also plotted on Figure 5.21 - Figure 5.24. 

The repeatability of the experiment can be seen by comparing the data points for mn 1 and 

run 2. These figures indicate that the data for ^ can be repeated over the entire range of 

bundle loads tested. The difference between the two CFC-12 runs is less than 2% for the 

26-fpi, Tu-Cii and G-SC bundles. The difference between the two CFC-12 runs for the 40-fpi 

bundle is less than 6%. Generally, the uncenainty in ^ for CFC-12 ranges from ±4% to 

±12% for the 26-fpi, 40-fpi, and G-SC, and from ±9% to ±22% for the Tu-Cii. In all cases, 

the uncertainty decreases with increasing heat flux. 

Comparison of average row heat transfer coefficients 

Figures 5.25-5.28 compare the HFC-134a and CFC-12 behavior for the 26-fpi, 

40-fpi, Tu-Cii, and G-SC bundles, respectively. These figures indicate that for a given tube 

geometry, the row-to-row behavior is essentially the same for both refrigerants, although the 

row-to-row behavior differs significantly between the four tube geometries. The Tu-Cii row 

heat transfer coefficients are also subject to higher uncertainties at low heat fluxes, as discussed 

in the previous section. 

The data for the CrC-12 icpcaictullliy run are aiso piotied on Figures 5.25-5.28. 'I'he 

repeatability of the experiment can be seen by comparing the data points for run 1 and run 2. 

These figures indicate that the CFC-12 data for the row heat heat transfer coefficients can be 

repeated over the entire range of bundle loads tested. The uncertainty in the CFC-12 average 

row heat transfer coefficients ranges from ±5% to ±16% for all geometries except the Tu-Cii, 

which has uncertainties ranging from from ±9% to ±34%. In all cases, the uncertainty 

decreases with increasing heat flux. 
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Comparison of Bundle Geometries 

Figure 5.29 compares the average shell-side bundle heat transfer coefficients of HFC-

134a for the different tube geometries. At 16 000 W/m" (5100 Btu/(hr-ft")) the values of 

Hq q fortheTu-Cii are three times higher than the values of h ̂  ^ for the other tube geometries 

while at 41 000 W/m" (13 000 Btu/(hr-ft-)), the values of ^ for the Tu-Cii are two times 

larger than the values of q for the other geometries. Figure 5.30 compares the CFC-12 

/ iq q for the different tube geometries, and shows that the values of q for the Tu-Cii are 

generally two times larger that the values of q for the other geometries across the entire 

heat flux range. 

For HFC-134a, the low tin 40-fpi performs better than the longer finned G-SC, as the 

values of q for the 40-fpi are 5% higher than the values of q for the G-SC over the 

entire heat flux range. The 26-fpi is the worst performer, as its values of ^ are 8% lower 

than those of the G-SC at 16 000 W/m^ (5100 Btu/(hr-ft^)), and 16% lower at 41 000 W/m~ 

(13 000 Btu/(hr-ft~)). For CFC-12, the low fin 40-fpi also performs better than the longer 

finned G-SC, as the values of q for the 40-fpi are approximately 10% higher than the 

values for the G-SC across the entire heat flux range tested. The 26-fpi is again the worst 

performer, as its values of ^ are 10% lower than those of the G-SC at 16 000 W/m" 

(5100 Btu/(hr-ft^)), and 15% lower at 41 000 W/m^ (13 000 Btu/(hr-ft~)). 

Tne Tu-Cii has been optimized for the condensanon of organic fluids, so the fact that it is 

the best performer is not surprising. Even though the low-fin 40-fpi has 7% less surface area 

per unit length than the 26-fpi, the 40-fpi still out-performs the 26-fpi. Tne fin spacing of the 

40-fpi is 0.457 mm (0.018 in), while the fin spacing of the 26-fpi is 0.672 m.m (0.0265 in). 

The optimum fin spacing for CFC-12 as predicted by Honda et al. (1989) is 0.3 mm (0.0118 

in). Since the 40-fpi is closer to the optimum fin spacing than the 26-fpi, the 40-fpi should 

oerform better. Since the G-SC is essentially a 26-fpi with modified fi.ns and has only a 3.5% 
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increase in surface area per unit length over the 26-fpi, The G-SC performance should be 

similar to the 26-fpi. 

Summary 

1. Increasing the heat flux causes the average shell-side bundle heat transfer coefficient to 

drop for all four geometries. 

2. The Tu-Cii is the best perform.ing geometry, followed by the 40-fpi, G-SC, and finally 

the 26-fpi geometry. These trends hold true for both HFC-134a and CFC-12. 

3. geometries tested, the 2.ver2.*^e shell-side he2.t tr2.nsfer coefficient of 

Tu-Cii is most affected by the amount of condensate draining from the tube. 

4. The row-to-row average shell-side heat transfer coefficient behavior differs significantly 

between the four geometries. 

5. For a given tube geometry, the row-to-row average shell-side heat transfer coefficient 

behavior is the same for both HFC-134a and CFC-12. 

6. For all four tube geometries, the HFC-134a average shell-side heat transfer coefficients 

are higher than those for CFC-12. 
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CHAPTER 6. HCFC-123 SHELL-SIDE CONDENSATION RESULTS 

Shell-side condensation heat transfer coefficients for HCFC-123 are presented in this 

chapter. Bundles constructed from four different tube geometries were tested over a nominal 

heat flux range of 16 000 W/m~ (5100 Btu/(hr-ft^)) to 41 000 W/m- (13 000 Btu/(hr-ft~)). 

For each tube geometry, average bundle heat transfer coefficients as well as the average heat 

transfer coefficient for the middle tube of each row are presented in graphical format. The 

HCFC-123 row and bundle average heat transfer coefficients are compared to those for the 

condensation of CFC-11. A complete tabular listing of the entire set of HCFC-123 data taken 

during this study can be found in Appendix D, while a tabular listing of the CFC-11 data can 

be found in Appendix E. In the following discussion, row 1 refers to the top row of the bundle, 

with the row number increasing towards the bottom of the bundle. For example, row 5 is the 

bottom row in the bundle. 

As discussed in Chapter 4, the nominal outer surface area of the tube was used in the 

calculation of the shell-side heat transfer coefficient. Tne nominal outer surface area is based 

on the nominal outer diameter of the tube so that the tube outer surface area was equal to the 

surface area of a smooth tube of the same diameter as the enhanced tube nominal diameter. 

Thus, the heat transfer coefficients presented in this chapter arc based on the nominal tube 

outer surface area, not the actual tube outer surface area. 
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Results for the 26-fpi Geometry-

Average bundle heat transfer coefficient results 

Figure 6.1 shows that the average shell-side bundle heat transfer coefficient q) for 

the 26-fpi geometry decreases with increasing heat flux. An increasing bundle heat flux 

corresponds to an increasing refrigerant mass flow rate. As the mass flow rate (and hence, 

heat flux) increases, the liquid layer on the tubes becomes larger. The measured value of ^ 

drops from 14 090 W/(m--K) (2480 Btu/(hr-ft2-F)) to 11 860 W/(m--K) (2090 Btu/(hr-ft2-F)), 

which is 16%, over the heat flux range tested (16 000 W/m~ (5100 Btu/(hr-ft^)) - 41 000 W/m-

(13 000 Btu/(hr-ft ))). The data for the repeatability run are also plotted on Figure 6.1. The 

repeatability of the experiment can be seen by comparing the data points for run 1 and run 2. 

This figure indicates that the data for q can be repeated over the entire range of bundle 

loads tested, as the difference between the two runs is less than 3% over the entire heat flux 

range. 

Figure 6.2 shows the variation of ^ with the LMTD, while Figure 6.3 shows the 

variation of Hq with the condensation temperature difference, - Ts.g- The wall 

temperature is calculated, net directly measured. As the LMTD and n increase, 

more refrigerant is condensed. Thus, an increasing LMTD and — Ts_o correspond to 

an increasing heat flux. The LMTD is a measure of the overall water-refrigerant temperature 

difference that drives the condensation, while — Ts.o is the portion of the overall 

temperature difference that occurs between the tube outer surface and the refrigerant. Since 

trie same trend in :s present in both figures, the trerid i:'; ^ is due Lo a sheii-side 

phenom.enon. 

Uncertainty bars are also plotted on Figure 6.2, and show that the experimental uncer

tainty in Q ranges from ±7% to ±16%. This figure indicates that ^ decreases as 

the LMTD, and hence heat flux, increases. As the LMTD increases, 
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Figure 6.1: Average shell-side bundle heat transfer coefficient vs. heat flux for the con

densation of HCFC-123 on the 26-fpi geometry 

Tgat ~ T^io.in increase, but the uncertainty in these temperature differences remains the same. 

Therefore, the uncertainty in these temperature differences becomes less significant as the 

temperature differences increase. The calculation of ^ is quite sensitive to these temper

ature differences, thus wl decreases as the uncenainty in these temperature differences 
o.n 

becomes less significant. The data for the repeatability run are also plotted in Figures 6.2 and 

6.3. 

The only archival data available for the condensation of HCFC-123 on bundles are that 

of M'jrata et al. (1990), who tested in-line bundles that were two columns wide by eight rows 

deep. The bundles were constructed from 1024-fpm (26-fpi) and 1181-fpm (30-fpi) stainless 

steel tubes. The condensation temperature difference range of the Murata et al. data is nearly 

identical to the range in the present study. 

The magnitude of Murata et al. data is approximately 50% lower than the present data. 
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This difference is most likely due to the use of stainless steel tubes in the Murata study. The 

thermal conductivity of stainless steel is an order of magnitude lower than that of copper, and 

therefore the stainless steel tubes have a lower fin efficiency than copper tubes. Tne Murata 

data show a 14% decrease in Q over the the condensation temperature difference range 

tested, which is in good agreement with the 16% drop found in this study. 

Average row heat transfer coefficient results 

Figure 6.4 shows the behavior of the average shell-side heat transfer coefficient for the 

middle tube of each row {h^ at different bundle loads for the 26-fpi. This figure indicates 

that h„ p for rows 1 and 2 generally decreases with increasing bundle load, but that jr; for 

rows 3,4, and 5 is independent of bundle load. The values of ^ for rows 1 and 2 drop 22% 

and 16% respectively over the bundle load range tested (16-36 kW, or 54 600-123 000 Btu/hr). 

The change in ^ for rows 3,4, and 5 is less than 4%. As bundle load increases, the amount 

of condensate draining on rows 3, 4, and 5 increases. Thus, the data indicate that the 26-fpi 

is not affected by liquid inundation from higher rows. This same trend was noticed in the 

HFC-134a data. The Murata et al. (1990) data only report for rows 1, 4, and 8. Their 

d.atu do indiCaic trial Ug Luups wiih incrcasing bundle ioad. 

The decrease of h„ d for rows 1 and 2 with increasing bundle ioad is consistent v/ith 

the single-tube theory, which nredicts that ft, o will drop as — Ts n increases. In the 

present data, / — T.s,o increases with heat flux. Since row 1 is not subject to condensate 

drainage and row 2 is subject to very little condensate drainage, these rows may be expected 

to behave as the single tube does, and ^ for rows 1 and 2 should drop with increasing heat 

flux. Since increasing heat fiux is directly proportional to increasing bundle load, the data 

also im.ply that the drop in q with increasing heat flux is due to the phenomena occurring 

in rows 1 and 2 only. 
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Figure 6.4: Average shell-side row heat transfer coefficient vs. row number for the con
densation of HCFC-123 on the 26-fpi geometry 

In general, Figure 6.4 shows that ^ increases from row 1 to 2, decreases from row 2 

to 3, then increases through row 5. The magnitude of the increase in ^ from row 1 to 2 is 

not dependent on bundle load, and ranges from 2% at bundle loads of 26 and 28 kW (88 700 

and 95 600 Btu/hr) to 8% at 34 k\V (116 000 Btu/hr). At bundle loads of 16 and 22 kW 

(54 600 and 75 100 Btu/hr), remains constant from, row 1 to 2, while at a bundle load 

of 24 kW (81 900 Btu/hr), ^ actually increases by 2%. The magnitude of the decrease in 

Iiq ji from row 2 to 3 is largest at low bundle loads, and ranges from 19% at a bundle load 

of 36 kW (123 000 Btu/hr) to 30% at a bundle load of 16 kW (54 600 Btu/hr). In general, 

the magnitude of the increase in from rows 3 to 5 is decreases with increasing bundle 

load and ranges from 17% to 26% over the bundle load range tested. Similar trends were also 

found the the HFC-134a data. 

The increase in n from row 1 to row 2 was also obser/cd by Honda et al. (1992), 
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who suggest that the increase may be due to a vapor velocity effect. The vapor velocity 

approaching row 1 is quite small because of the large surface area at the top of the bundle. 

However, the vapor velocity approaching row 2 will be significantly larger, because the vapor 

must flow through the narrow gaps between the tubes of row 1 in order to reach row 2. The 

reduction in flow area will result in a increase in the vapor velocity at the top of row 2. The 

HCFC-123 data collaborate the suggestion made in the previous chapter that the 26-fpi bundle 

is subject to vapor velocity effects. 

Row 3 has the lowest values of Since the instrumented tube in row 3 is the middle 

tube of the bundle, this tube is one of three tubes in the bundle which does not have any of 

its surface exposed to the vapor spaces in the test section. Thus, this tube may be starved of 

vapor. Also, row 3 is the first row to be fully inundated by condensate draining from a tube 

direcdy above it. 

The value of ^ increases over rows 4 and 5. Row 5 has its entire bottom surface 

exposed to refrigerant vapor. Thus, any vapor which passes around the sides of the bundle 

can condense on row 5. Some of this vapor can also condense on row 4, since a small portion 

of each tube in row 4 is also exposed to the vapor at the bottom of the condenser. Honda 

cL ai, (i99i) do nrenirr a jump in ^ as t.^.e dripping mode changcs from column mode to 

sheet mode. Since the instrumented tubes are internal, it was not possible to see if a transition 

from column to sheet mode was occurring. Murata et al. (1990) report that p for row 

4 was lower than that of row 1, but that for row 8 was similar to for row 1. 

This observation is in good agreement with the present data. Murata et al. did not observe a 

iXiinsiiiori rrom coiuiiiii lO sliCCi liioclc. 

Figure 6.5 shows the repeatability of for two different bundle loads. The repeatabil

ity of the experiment can be seen by comparing the data points for run 1 and run 2. This figure 

indicates that the data for ^ can be repeated over the entire range of bundle loads tested. 
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Figure 6.5: Average shell-side row heat transfer coefficient vs. row number for the con
densation of HCFC-123 on the 26-fDi seometrv 

as the difference in the row coefficients for the two runs is less than 5%. Uncertainty bars are 

also presented for the 18 kW (61 400 Btu/hr) run to demonstrate the level of uncertainty in 

the row-by-row analysis. This figure also demonstrate? the drop in ^ with bundle load for 

rows 1 and 2, and the independence of ^ with bundle load for rows 3, 4, and 5. 

Comparison to the P-W and VV-M correlations 

Values of as predicted by the P-W (Pearson and Withers (1969)) and W-M (Webb 

and Murawski (1990)) correlations are plotted on Figure 6.1. The application of these two 

correlations to the present study is discussed in Chapter 4. The P-W correlation predicts a 21 % 

drop in as the heat flux increases from 16 000 W/m" (5100 Btu/(hr-ft-)) to 41 000 W/m-

(13 000 Btu/(hr-ft~)). The measured values of q show a 16% drop over the same heat fiux 

range and are in excellent agreement with the P-W ccrrelaticn. The W-M correlation predicts 
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that Q is not affected by the amount of condensate draining from the tube, and is thus 

independent of heat flux. 

As previously mentioned, rows 3,4, and 5 show no condensate in und.2,tion cff^scts wliich 

is in agreement with the W-M correlation. Webb and Murawski (1990) report that the fins 

of 26-fpi prevent the draining condensate from spreading axially and further covering the 

condensing surface. The decrease in ^ with increasing bundle load for rows 1 and 2 is 

consistent with the the P-W model. The P-W correlation is based on single-tube theory, which 

predicts that ho will drop as - Ts^o increases. As bundle load increases, - Ts,o 

increases because of the thickening liquid layer on the tube, and hence ^ drops with 

increasing bundle load. 

Results for the 40-fpi Geometry 

Average bundle heat transfer coefficient results 

Figure 6.6 shows that the average shell-side bundle heat transfer coefficient q for the 

40-fpi geometry is fairly constant at approximately 17 000 W/(m--K) (3000 Btu/(hr-ft~-F)) 

as heat flux increases though 22 000 W/m- (7000 Btu/(hr-ft~)), then decreases by 17% 

to 14 110 W/(m"-K) (2480 Btu/(hr-ft~-F)) as the heat flux increases to 41 000 W/m-

(13 000 Btu/(hr-ft")). An increasing bundle heat fiux corresponds to an increasing refrig

erant mass flow rate. As the mass flow rate (and hence, heat flux) increases, the liquid layer 

on the tubes becomes larger, and the heat transfer resistance increases. The data suggest that 

up through a heat flux of 22 000 W/m~ (7000 Btu/(hr-ft~)), the 40-fpi is able to sufficiently 

drain the condensate so that no effect of liquid layer thickness is seen. 

A similar trend is found in the HFC-134a 40-fpi data discussed in the previous chapter. 

For HFC-134a, the liquid layer effect begins at a heat fiux of 30 000 W/m~ (9500 Btu/(hr-ft-)). 

The surface tension and liquid viscosity cf HCFC-123 are twice as large as those for KFC-
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Figure 6.6: Average shell-side bundle heat transfer coefficient vs. heat flux for the con
densation of HCFC-123 on the 40-fpi geometry 

134a. Since an increase in these properties would cause increased condensate holdup on the 

tube, HCFC-123 begins to decrease at a lower heat flux. 

The data for the repeatability run are also plotted on Figure 6.6. The repeatability of 

the experiment can be seen by comparing the data points for run 1 and run 2. This figure 

indicates that the data for q can be repeated over the entire range of bundle loads tested, 

as the difference between the two runs is less than 4%. 

Figure 6.7 shows the variation of ^ with the LMTD, while Figure 6.8 shows the 

variation of q with the condensation temperature difference, T^nj — T^.n. The wall 

temperature is calculated, not directly measured. Since the same trends in q are present 

in both figures, the trend in Q is due to a shell-side phenomenon. 

Uncertainty bars are also plotted on Figure 6.7, and shov/ that the experimental uncertainty 
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flux increases. As the heat flux increases, and increase, but the 

uncertainty in these temperature differences remains the same. Therefore, the uncenainty in 

these temperature differences becomes less significant as the temperature differences increase. 

The calculation of is quite sensitive to these temperature differences, thus icj^ ^ 

decreases as the uncertainty in these temperature differences becomes less significant. The 

data for the repeatability run are also plotted on Figures 6.7 and 6.8. 

Average row heat transfer coefficient results 

Figure 6.9 shows the row behavior of the 40-fpi for different bundle loads. This figure 

indicates that /i„ d for rows 1—5 renerallv decreases with increasino; bundle load, with the 

decrease being more significant for row 5 and least significant for row 1. For row 1, 

drops by 4% while for row 5 drops by 21% over the bundle load range tested. The 

decrease in for rows 2, 3, and 4 is 14%, 9%, and 11% respectively. These trends are 

quite similar to those found in the 40-fpi data for HFC-134a discussed in the previous chapter, 

except that ^ for row 1 increases slightly with increasing bundle load for HFC-134a. 

The decrease in may be partly due to the increase in liquid layer on the tube as 

bundle luad increases. Also, ihc 40-fpi may be susceptible to condensate inundation effects. 

The decrease in /i„ q is more noticeable in rov.' 5, which is the row that would be most 

inundated with drainage from the higher rows. The 40-fpi has shorter fins than the 26-fpi, and 

m.ay not prevent axial spreading of the condensate as well as the 26-fpi. 

In general. Figure 6.9 shows that p decreases from row 1 to 2, increases from row 2 

to 3, then decreases through row 5. The magnitude of the decrease in ^ from row 1 to 2 is 

dependent on bundle load and ranges from 19% at a bundle load of 16 kW (54 600 Btu/hr) to 

approximately 27% for for the 3 highest bundle loads tested. The magnitude of the increase 

in iIq I? from row 2 to 3 appears to be independent of bundle load, and ranges from from 16% 
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Figure 6.9; Average shell-side row heat transfer coefficient vs. row number for the con
densation of HCFC-123 on the 40-fpi geometry 

at a bundle load of 16 kW (54 600 Btu/hr) to 28% at a bundle load of 26 kW (88 700 Btu/hr). 

The magnitude of the decrease in from row 3 to 5 is dependent on bundle load and 

ranges from 18% at a bundle load of 16 kW (54 600 Btu/hr) to 28% for bundle loads of 24 kW 

(81 900 Btu/hr) and higher. 

The row-to-row behavior of this bundle is quite peculiar and quite similar to the row-to-

row behavior found in the 40-fpi data for HFC-134a. The decreases in from row 1 to 

2 and from row 3 to 5 can be explained by a thickening liquid layer, but the reason for the 

increase in ^ from row 2 to 3 is unknown. The "saw-tooth" effect observed by Michael 

et al. (1992), which was discussed in the previous chapter, may be occurring on this bundle. 

The data of Honda et al. (1992) for staggered bundles and the data of Honda et al. (1991) for 

in-line bundles show a similar saw-tooth row variation. No explanation is given, other than 

that the variation mav be due to exDerimentai uncertaintv. CFC-113 was used in both Honda 
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Figure 6.10; Average shell-side row heat transfer coefficient vs. row number for the con
densation of HCFC-123 on the 40-fpi geometry 

et al. (1992) and Honda et al. (1991). 

Figure 6.10 shows the repeatability of for two different bundle loads. The repeata

bility of the experiment can be seen by comparing the data points for run 1 and run 2. This 

figure indicates that the data for can be repeated over the entire range of bundle loads 

tested, as the difference between the two runs is less than 6%. Uncertainty bars are also 

presented for one of the 18 kW (61 400 Btu/hr) runs to demonstrate the level of uncertainty 

in the row by row analysis. This figure also demonstrates the drop in with bundle load 

for rows 4 and 5. 

Comparison to F-vV and W-M correiations 

Values of n as predicted by the P-W and W-M correlations are plotted on Figure 6.6. 

The P-W correlation predicts a 22% drop in q as the heat uux increases from 16 GOG Vv'/m-
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(5100 Btu/(hr-ft-)) to 41 000 W/m- (13 000 Btu/(hr-ft-)). The measured values of q , 

which drop 17% over the same heat flux range, initially follow the W-M correlation for low 

heat fluxes, and the P-W correlation for high heat fluxes. As previously discussed, both 

correlations are extrapolated for the 40-fpi geometry. The W-M correlation predicts that q 

is not affected by the amount of condensate draining from the tube, and is thus independent 

of heat flux. 

Results for Tu-Cii Geometry 

Average bundle heat transfer coefficient results 

Figure 6.11 shows that the Tu-Cii average shell-side bundle heat transfer coefficient q 

drops considerably with increasing heat flux. An increasing bundle heat flux corresponds to 

an increasing refrigerant mass flow rate. As the mass flow rate (and hence, heat flux) 

increases, the liquid layer on the tubes becomes larger, and the heat transfer resistance 

0 9 
increases. The measured values of q drop from 29 000 W/(m--K) (5110 Btu/(hr-ft--F)) at 

16 000 W/m- (5100 BtuAhr-ft^)) to 20 230 W/(m--K) (3560 Btu/(hr-ft2-F)) at 41 000 W/m^ 

(13 000 Btu/('nr-ft-)). which is a 30% decrease. 

Visual observation of the Tu-Cii indicated that the condensate did not always drain 

vertically downward, but often ran axially along the tube. Tnus, the positions of the draining 

condensate columns were not fixed. This axial movement of the condensate floods the tube 

area that would normally be available for condensation. This phenomenon was unique to the 

Tu-Cii. Even thoush the Tu-Cii performance drocs sicmificaritlv with heat flux the Tu-Cii 

still has a higher Jiq q over the entire heat flux range than the other geom.etries tested. 

Figure 6.12 shows the variation of q with the LMTD. Figure 6.13 shows the variation 

of jj with the condensation temperature difference, — T^.o- The wall temperature is 

calculated, not directly measured. Since the same trends in ^ are present in both figures. 
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Figure 6.11: Average shell-side bundle heat transfer coefficient vs. heat flux for the con
densation of HCFC-i23 on the Tu-Cii seometrv 

the trend in jd is due to a shell-side phenomenon. 

Uncertainty bars are also plotted on Figure 6.12, and show that the experimental uncer

tainty in Q ranges from ±11% to ±34%. This figure indicates that wj^ ^ decreases as 
0,ij 

the LMTD increases. As the LMTD increases, '^$at ~ ̂ a-.m t)ut 

the uncertainty in these temperature differences remains the same. Thus, the uncertainty in 

the temperature differences becomes less significant as the temperature differences increase. 

The calculation of q is quite sensitive to these temperature differences (and hence, the 

LMTD), thus ^ decreases as the uncertainty in these temperature differences becomes 

less significant. 

The uncertainty is also sensitive to the imbalance between the water-side and shell-side 

resistances. At low heat fluxes, the water flow rate through the tube bundle is quite low, causing 

a large water-side heat transfer resistance. Also at low heat fiuxes, the Tu-Cii performs ver^-' 
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well because of the small amount of condensate draining from the tubes, and the shell-side 

heat transfer resistance is relatively small. 

Hcjustior 4 14 is extremely sensitive to the irnb2.l2.nce between the wnter-side snd. shell-

side resistances, and when the imbalance is large, the experimental uncertainty increases. 

During condensation on the Tu-Cii at a heat flux of 16 000 W/m~ (5100 Btu/(hr-ft~)), 

the water-side resistance is approximately five times larger than the calculated shell-side 

resistance. Since the Tu-Cii has both a large resistance imbalance and a small LMTD at low 

heat fluxes, the uncertainty is quite high. Because the LMTD increases as heat nux increases 

and the water-side resistance decreases as heat flux increases, the uncertainty drops off rapidly 

with increasing heat flux. Although the imbalance between the shell side and water-side 

resistances is not as severe as it is for HFC-134a condensation, the resistance imbalance is 

large enough to cause the HCFC-123 Tu-Cii uncertainties to be higher than those for the other 

three geometries. 

The data for the repeatability run are plotted on Figures 6.11- 6.13. The repeatability of 

the experiment can be seen by comparing the data points for run 1 and run 2. These figures 

indicate that the data for ^ can be repeated over the entire range of bundle loads tested. The 

. ^ - 9 ^ _ ,9 
r\ -J t /I OU £>vr'OT^f / ^ ( A v.. ^ ^ vw, J } 

point, where the difference between the two runs is 11%. The larger difference between run 1 

and run 2 at this heat flux may be due to experimental uncertainty, which is 30% at this point. 

Average row heat transfer coefficient results 

Figure 6.14 shows the row behavior of the Tu-Cii for different bundle loads. Tnis figure 

indicates that for all rows decreases with increasing bundle load, with the decrease being 

more oronounced for row 2. Tne decrease in /;,, n with bundle load ranges from 13% for row ^ o,ix ^ 

3 to 33% for row 2. The decrease in ^ with bundle load for rows 1, 4, and 5 is 17%, 20%, 
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Figure 6.14: Average shell-side row heat transfer coefficient vs. row number for the con

densation of HCFC-123 on the Tu-Cii geometry 

and 24% respectively. As heat flux increases, the amount of condensate draining from the 

tubes increases. Thus, the decrease in with increasing bundle load (and hence heat flux) 

demonstrates that the Tu-Cii is significantly affected by the amount of condensate draining 

from the tube. 

Figure 6.14 also shows the row-to-row behavior for the Tu-Cii geometry and indicates 

that increases from row I to 2, and then decreases from row 2 to 5. The magnitude of 

the increase in from row 1 to 2 is quite dependent on heat flux, and ranges from 6% at 

a bundle load of 36 kW (123 000 Btu/hr) to 32% at a bundle load of 16 kW (54 600 Btu,'Tir). 

The increase in ^ from row 1 to 2 is most ILkely due to a vapor velocity effect. The vapor 

velocity at the top of row 2 is higher than the vapor velocity at the top of row 1 because of the 

restriction in flow area above row 2. At low bundle loads, the favorable heat transfer effect of 

Vcioor vclocitv combined with the fsvorsbic he^t trsnsfer effect cf 2. srn^II lic^uid !c.ver cciusc 
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the significant jump in p^. As bundle load increases, the effect of increasing liquid layer 

thickness begins to counteract the vapor velocity effect, and the magnitude of the increase in 

from row 1 to 2 decreases. Since HCFC-123 has a relatively high surface tension and 

liquid viscosity, both of which tend to prevent the condensate from draining, the unfavorable 

effect on heat transfer of an increasing liquid layer is compounded by the unfavorable effect 

on heat transfer of poor drainage. 

The decrease in ^ from row 2 to 5 is due to the effects of drainage from higher rows. 

The magnitude of the decrease in ^ from row 2 to 5 is independent of bundle load and 

ranges from to 38% at 32 kW (109 000 Btu/hr) to 48% at 16 kW (54 600 Btu/hr). 

Figure 6.15 shows the repeatability of ^ for two different bundle loads. The repeata

bility of the experiment can be seen by comparing the data points for run 1 and run 2. The 

difference between two runs is less than 1% at a bundle load of 36 kW (123 000 Btu/hr), but 

rises to 20% at a bundle load of 18 kW (61 400 Btu/hr). Tne disagreement between the two 

runs at 18 kW (61 400 Btu/hr) may do due to experimental error, as this is the only point where 

such a large disagreement exists. Uncertainty bars are also presented for the 18 kW (61 000 

Btu/hr) run to demonstrate the level of uncertainty in the row by row at low heat fluxes. 

Comparison of HCFC-123 and HFC-134a for the Tu-Cii geometry 

Both the HFC-134a and HCFC-123 data for the Tu-Cii tube show a larae droD in o — - c. i-/ 

with increasing heat flux over the heat flux range tested. The drop in over the bundle 

heat flux range tested is 39% for HFC-134a, while the drop for HCFC-123 is 43%. Thus, both 

data sets indicate that the Tu-Cii is significantly affected by the amount of condensate draining 

from, the tubes. The m.agnitude of the HFC-134a values are twice the HCFC-123 values. 

This is due to the surface tension and liquid viscosity of HCFC-123, which, as previously 

discussed, are less favorable to heat transfer than those for HFC-134a. 
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The row-to-row trends found in the Tu-Cii HCFC-123 condensation data are somewhat 

different than those found in the HFC-134a condensation data. The HFC-134a data do not 

show the large increase in from row 1 to 2 at low heat fluxes that the HCFC-123 data do. 

The large increase in ^ from row 1 to 2 for HCFC-123 was attributed to a vapor velocity 

effect. Tne vapor density of HFC-134a is five times larger than that of HCFC-123, therefore 

the vapor velocity of HCFC-123 is five times larger than that of HFC-134a. Because the vapor 

velocity is higher, vapor velocity effects may be more significant for HCFC-123. 

The HFC-134a data show an increase in ^ from row 4 to 5, while the KCFC-i23 

data show a drop in d from row 4 to 5. The increase in n found in the HFC-134a data O ^ l L  O ^ i l  

was attributed to the fact that row 5 has its entire bottom surface exposed to the vapor in the 

bottom of the test secnon. The higher surface tension and liquid viscosity of HCFC-123 will 

cause more condensate retention on the tubes relative to HFC-134a. Thus, row 5 will have a 
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• run 2 at 18 kW (61 400 Btu/hr) 
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Average shell-side row heat transfer coefficient vs. row number for the con

densation of HCFC-123 on the Tu-Cii geometry 



www.manaraa.com

115 

larger liquid layer during HCFC-123 condensation, and the larger liquid layer will reduce the 

amount of vapor that can condense on that row. For HCFC-123, the large liquid layer effect is 

stronger than the effect of additional exposed surface area, and does not increase from 

row 4 to 5. 

The HFC-134a data show a 49% drop in for row 1 over the bundle load range tested, 

which is larger than the 17% drop shown for HCFC-123. As reported in the previous chapter, 

the Tu-Cii drains the HFC-134a extremely well at low bundle loads, but the performance drops 

rapidly as bundle load increases. Because of surface tension and liquid viscosity effects, the 

Tu-Cii does not drain HCFC-123 as well HFC-134a at low heat fluxes. Since the HCFC-123 

Iiq jfi for row 1 is low (relative to HFC- 134a) to begin with, the decrease in ^ for row 1 as 

bundle load increases is not as severe as that for HFC-134a. 

Comparison to P-W and W-M correlations 

Values of as predicted by the W-M correlation are plotted on Figure 6.11. The W-M 

'J 
correlation predicts that q drops by 35% as the heat flux increases from 16 000 W/m-

(5100 Btu/(hr-ft^)) to 41 000 W/m^ (13 000 Btu/(hr-ft~)). The measured values of ^ drop 

zi r\\r(^T t'h A A *h AO t t1 M Y TO n CTA o rrrc»oc 11 th i r-t /•> —. 

^ -o O.n 

correlation. Webb and Murawski (1991) state that the Tu-Cii geometry allows the condensate 

to spread axially along the tube, instead of draining the condensate. Webb and Murawski 

also report that the Tu-Cii was more affected by the amount of condensate draining from the 

tube than the 26-fpi and G-SC. The observations of Webb and Murawski (1991) are in good 

agreement witli the present study. 

Tne magnitude of the q predicted by the W-M correlation for the Tu-Cii is approxi

mately 20% lower than the measured values. The W-M correlation was developed using only 

one refrigerant, CFC-11, which has the poorest heat transfer performance of the 4 refrigerants 
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tested in tliis study. Therefore, it is not surprising that the W-M. model does not properly 

predict the magnitude of q for this tube. 

As mentioned previously, no Deq was available for the Tu-Cii, so the P-\V correlation is 

not plotted. 

Results for G-SC Geometry 

Average bundle heat transfer coefficient results 

Figure 6.16 shows the that average shell-side bundle heat transfer coefficient q) 

for the G-SC geometry' drops from approximately 14 000 W/(m^-K) (2460 Btu/(hr-ft~-F)) 

to 12 520 W/(m"-K) (2200 Btu/(hr-ft^-F)) as the heat fiux increases from 16 000 W/m-

(5100 Btu/(hr-ft^)) to 41 000 W/m" (13 000 Btu/(hr-ft-)). An increasing bundle heat flux 

corresponds to an increasing refrigerant mass flow rate. As the mass flow (and hence, heat 

flux) increases, the liquid layer on the tubes becomes larger. The data indicate that the G-SC 

is only mildly affected by the amount of condensate draining from the tubes, as the measured 

Q drops only 11% over the heat flux range tested. 

The G-SC only performs better than the 26-fpi tube. Visual observation of the conden

sation phenomenon indicated that there was significant liquid holdup in the Y-shaped fins of 

the G-SC. The flooding angle oj was observed to be nearly 90° at high bundle loads. The 

condensate, instead of draining, floods the condensation area, thus reducing the performance 

of the tube. 

The data for the repeatability run are also plotted on Figure 6.16. The repeatability of 

the experiment can be seen by comparing the data points for run 1 and run 2. These figures 

indicate that the data for can be repeated over the entire range of bundle loads tested, as 

the difference between the tv/o rans is less than 4%. 

•CirT.iT-o 17 u _ T \ < •» Q V Ua Oi Vy v>iiiiC u. i O bnvjwb tiiu 
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Figure 6.16: Average shell-side bundle heat transfer coefficient vs. heat flux for the con-
densadon of HCFC-123 on the G-SC geometry 

variation of ^ with the condensation temperature difference, — Ts.o. The wall 

temperature is calculated, not directly measured. As the LMTD and — Ts,o increase, 

more refrigerant is condensed. Thus, an increasing LMTD and — Ts.o corresDond to 

an increasing heat f^ux. Since the same trend in q is present in both figures, the trend i in 

is due to a shell-side ohenomenon. 

Uncertainty bars are also plotted on Figure 6.17. This figure indicates that 
o.B 

decreases as the LMTD, and hence heat flux, increases. As the LMTD increases, -

^^w.out '^sat ~ increase, but the uncertainty in these temperature differences 

remains the same. Therefore, the uncertainty in these temperature differences becomes less 

significant as the temperature differences increase. The calculation is quite sensitive to 

these temperature differences, thus ic' decreases as the uncertainty in these temperature 
G.B 

differences becomes less sienificant. Since the smallest LMTD corrcsporids to the lowest 
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Figure 6.17: Average shell-side bundle heat transfer coefficient vs. LMTD for the conden

sation of HCFC-123 on the G-SC geometry 
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Figure 6.19: Average shell-side row heat transfer coefficient vs. row number for the con
densation of HCFC-123 on the G-SC geometry' 

heat flux tested, the experimental uncertainty in ^ ranges from ±7% at a heat flux of 

16 000 W/m- (5100 Btu/Chr-ft^)) to ±16% at 41 000 W/m- (13 000 Btu/(hr-ft-)). The data 

for the repeatability run are also plotted on Figures 6.17 and 6.18. 

Average row heat transfer coefficients results 

Figure o.iy shows the row behavior or the u-SC geometry at different bundle loads. This 

figure indicates that ^ for rows 1, 2, 4, and 5 generally decreases by about 10% as the 

bundle load increases from 16k;W (54 600 Btu/hr) to 36 kW (123 000 Btu/hr). Forrow3, ^ 

increases by about 10% over the same bundle load range. These trends indicate that the G-SC 

is not greatly affected by the amount of condensate draining from the tubes. Theoretically, 

p should decrease as bundle load increases, because of the thickening condensate layer. 

The reason for the increase in p with bundle load for row 3 is not known. 
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In general, Figure 6.19 shows that ^ increases from row 1 to 2, decreases from row 2 

to 3, increases from row 3 to 4, then decreases from row 4 to 5. The magnitude of the increase 

in hg p from row 1 to 2 is approximately 5% for all bundle loads, except at a bundle load 

of 20 kW (68 300 Btu/hr), where the magnitude of the increase in p from row 1 to 2 is 

13%. The increase in from row 1 to 2 may be due to a vapor velocity effect. The vapor 

velocity at the top of row 2 is greater than the vapor velocity at the top of row 1 because of the 

flow area constriction above row 2. An increased vapor velocity tends to rip the condensate 

from the tube and expose more tube surface for condensation. 

The magnitude of the decrease in ^ from row 2 to 3 is dependent on bundle load, 

and ranges from 10% at a bundle load of 36 k\V (123 000 Btu/hr) to 26% at a bundle load 

of 16 kW (54 600 Btu/hr). Row 3 is in the middle of the bundle and may be starved for 

vapor, thus causing the decrease in ^ from row 2 to 3. The magnitude of the increase 

in ^ from row 3 to 4 depends on bundle load, and ranges from 15% at a bundle load of 

36 kW (123 000 Btu/hr) to 42% at a bundle load of 16 kW (54 600 Btu/hr). The behavior of 

for this row is quite peculiar, and the reason for the peak in ^ at row 4 is unknown. 

The magnitude of the decrease in ^ from row 4 to 5 depends on bundle load, and ranges 

l ivit i  iCf /<j a t  a  uuiiuic luau vji  JU rs.vv UUU OLU/ll i  J LU lOVO HL <1 OLirKUC lOMO in k" W 

(54 600 Btu/hr). A drop in h^ ji from row 4 to 5 is expected, since row 5 is the most inundated 

row in the bundle. 

Figure 6.20 shows the repeatability of the ^ data for two different bundle loads. The 

repeatability of the experiment can be seen by comparing the data points for run 1 and run 2. 

This figure i."idicates that the data foi" can be repealed over ihe entire range of bundie 

loads tested, as the difference between the two runs is less than 5%. Uncertainty bars are also 

presented for one of the 18 kW (61 400 Btu/hr) runs to demonstrate the level of uncertainty 

on the row by row analysis. 
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Figure 6.20: Average shell-side row heat transfer coefficient vs. row number for the con
densation of HCFC-123 on the G-SC geometry 

Comparison of HCFC-123 and HFC-134a for the G-SC geometry 

Both the HFC-134a and HCFC-123 G-SC data show a small decrease in with 

•J CI r> rr  Hdot T'Ko /> ^  !-*»*•-> 1/-* CSCT! 
A1V4/V. A nw xii /-< vii^ iiwat /O i\Ji 

HFC-134a, while the drop for HCFC-123 is 11%. Thus, both data sets indicate that the G-SC 

is not greatly affected by the amount of condensate draining from the tubes. The HFC-134a 

Iiq q values are 15% higher than the HCFC-123 values. This difference is due to the surface 

tension and liquid viscosity of HCFC-123, •which, as previously discussed, are less favorable 

i tie row-to-row trends found in the G-SC condensation data for HCFC-123 are somewhat 

different than those found in the HFC-134a condensation data. The HFC-134a data show a 

signincant aecrease in m h frrirr; rr^AV' 1 
'o,K Om row 1 to 2, while the xiCPC~l2-5 data show 2.11 inCrCaSC in 

p from row i to 2. ihe increase in from row 1 to 2 for HCFC-123 is attributed 
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to a vapor velocity effect. The vapor density of HFC-134a is five times larger than that of 

HCFC-123, therefore the vapor velocity of HCFC-123 is five times larger than that of HFC-

1 j54a. Secause the vapor velociiy is hi^hei, vapOi veiocity cuecis may be more signincant lor 

HCFC-123. Since the vapor of velocity of HFC-134a is relatively small, the liquid condensate 

is not ripped away, and drops from row 1 to 2 because of an increasing liquid layer. 

Both refrigerants show an increase from row 3 to 4 and a decrease from row 4 to 5. 

Comparison to P-vV and W-M correiations 

Values of as predicted by the P-W and W-M correlations are plotted on Figure 6.16. 

The measured values of h„ o. which droo aooroximatelv 11 % as the heat flux increases from 

16 000 W/m- (5100 Btu/(hr-ft2)) to 41 000 W/m^ (13 000 Btu/(hr-ft-)), agree well with the 

P-W correlation, which predicts a 19% drop for the same heat flux range. The magnitude of 

Q predicted by the W-M correlation is about 30% higher than the data, which may be due 

to the fact the the W-M correlation was developed using only CFC-11. The W-M correlation 

predicts a 17% drop in q over the same heat flux range. 

Coniosirisdii oT nCFC->23 nnri CFC-11 ^ "rnnsfAr Co^fpci^nts 

Comparison of average bundle heat transfer coefficients 

Figures 6.21-6.24 compare the values of ^ for HCFC-123 and CFC-11 for the 

26-fpi, 40-fpi, Tu-Cii, and G-SC bundles respectively. For CFC-11 condensation on the 26-

fpi, 40-fpi, and G-SC bundles, ^ increases with increasing heat flux, which is a unique 

behavior, t-or the lu-Cii bundle, q increases with increasing heat flux up to 25 000 W/m^ 

9 o 
(7900 Btu/(hr-ft~)), then q decreases with increasing heat flux through 41 000 W/m^ 

(13 000 Btu/(hr-ft-)). As heat flux increases, so does the vapor veiocity. ihe C^C-ll data 

suggest that the effect of vapor veiocity, which is to rip away the condensate and increase 
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Table 6.1: Property comparison for HCFC-123, CFC-11, 
and CFC-113at35°C 

property HCFC-123 CFC-11 1 
1 
1 

CFC-113 1 
1 1 

P ! kPa " sat' 
1 Ann 147.700 64.990 

V r, m-^/kg 
-3 

V g ,  m-^/kg 

6.9540E-04 

1.2170E-01 

6.85S0E-04 

1.1910E-01 

6.4900E-04 

2.0240E-01 

p r, kg/m^ 
o 

P g , k g / m ^  

1438.00 

8.22 

1458.00 

8.40 

1541.00 

4.94 

i kJ/kg 167.50 173.40 144.40 

Cpj, kJ/(kg-K) 

Cp[g, kJ/(kg-K) 

1.032 

0.710 

0.903 

0.615 

0.893 

0.653 

/iJ, /iPa-s 

Pg, /zPa-s 

386.30 

10.91 

367.60 

11.22 

579.80 

10.51 

k j ,  mW/(m-K) 

kg, mW/(m-K) 

75.81 

10.06 

84.03 

8.85 

68.43 

9.04 

... 
1 1 1 1 r" 1 yi !i rr mTNl/m ii 1 d. i f> i ^7 ' 15 I'l 

the heat transfer, is dominant for CFC-11. The thermophysical properties for HCFC-123 and 

CFC-11, which are shown in Table 6.1 are quite similar, except that the surface tension of 

CFC-11 is 14% higher than that of HCFC-123. 

At 16 000 W/m~ (5100 Btu/(hr-ft~)), the HCFC-123 q values are approxim.atelv 

30% larger than the CFC-11 values. However, at 41 000 W/m~ (13 000 Bt'j/(hr-ft~)), the 

HCFC-123 Q values are approximately 10% larger than the CFC-11 values. 

The data for the CFC-11 repeatability run are also plotted on Figures 6.21- 6.24. The 

reoeatabilitv of the experiment can be seen bv comparing the data points for run 1 and run 



www.manaraa.com

124 

20000 

17500 

^ 15000 
CJ 

°K- 12500 

heat fiux, Btu/ (h * ft ) 
0 3000 6000 9000 12000 15000 

10000 

7500 

5000 

2500 

0 

o 

: O HCFC-123 run 1 
• HCFC-123 run 2 

L O CFC-11 run 1 
: ^ CFC-11 run 2 

^OQooqook 

3500 

3000 

2500 o 
•X-

2000 

1500 

1000 o 

500 

0 10000 20000 30000 40000 50000 

heat flux, W/ m" 

Figure 6.21: Comparison of the HCFC-123 and CFC-11 average shell-side bundle heat 

transfer coefficients for the 26-fpi geometry 
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Figure 6.23: Comparison of the HCFC-123 and CFC-11 average shell-side bundle heat 
transfer coefficients for the Tu-Cii geometry 
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2. These figures indicate that the data for the average bundle heat transfer coefficients can be 

repeated over the entire range of bundle loads tested. The difference between the two CFC-11 

runs for all geometries is generally less than 5%. Generally, the uncertainty in the CFC-11 

average bundle heat transfer coefficients ranges from ±6% to ±20% for all geometries. 

Comparison of average row heat transfer coefficients 

Figures 6.25-6.28 compare the HCFC-123 and CFC-11 ^ behavior for the 26-fpi, 

40-fpi, Tu-Cii, and G-SC bundles, respectively. These figures indicate that for a given tube 

geometry, the row-to-row behavior is essentially the same for both refrigerants, although the 

row-to-row behavior differs significandy between the four tube geometries. 

The data for the CFC-il repeatability run are also plotted on Figures 6.25-6.28. The 

repeatability of the experiment can be seen by comparing the data points for run 1 and run 2. 

These figures indicate that the CFC-11 data for the row heat heat transfer coefficients can be 

repeated over the entire range of bundle loads tested. The uncertainty in the CFC-11 average 

row heat transfer coefficients ranges from ±7% to ±22% for all geometries. 

Comparison of Bundle Geometries 

Figure 6.29 compares the HCFC-123 n for the different tube geometries. At 

16 000 W/m~ (5100 Btu/(hr-ft~)) the values of q for the Tu-Cii are 70% higher than 

the values of q for the 40-fpi. At 41 000 W/m- (13 000 Btu/(hr-ft~)) the values of jj 

for the Tu-Cii are 43% larger than the values of q for the 40-fpi. The low fin 40-fpi 

performs better than the longer finned G-SC, as the values of q for the 40-fpi are 25% 

higher than the values of q for the G-SC at 16 000 W/m- (5100 Btu/(hr-fL")), and 13% 

higher at 41 000 W/m.~ (13 000 Btu/(hr-ft~)). The 26-fpi is the worst performer, as its values 

of Q are approximately 5% lower than those of the G-SC across the heat flux range tested. 
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Figure 6.25: Comparison of the HCFC-123 and CFC-11 average shell-side row heat 
transfer coefficients for the 26-fpi geometry at a bundle load of 36 kW 
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Figure 6.26: Comparison of the HCFC-123 and CFC-11 average shell-side row heat 

transfer coefficients for the 40-fpi geom.etry at a bundle load of 36 kW 
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Figure 6.27: Comparison of the HCFC-123 and CFC-11 average shell-side row heat 
transfer coefficients for the Tu-Cii geometry at a bundle load of 36 kW 
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The Murata et al. (1990) single tube data show that the 1181-fpm (30-fpi) q values are 

approximately 14% higher than those for the 1024-fpm (26-fpi). However, the Murata data 

indicate that the 1181-fpm (30-fpi) is more affected by condensate inundation than is the 

1024-fpm (26-fpi). Both the present data and the Murata data indicate that ^ increases 

with increasing fin pitch. 

Figure 6.30 compares the CFC-11 q for the different tube geometries, and shows 

that the values of q for the Tu-Cii are approximately 45% larger that the values of 

for the 40-fpi across the entire heat flux range. For CFC-11, the low fi.n 40-fpi also performs 

better than the longer finned G-SC, as the values of q for the 40-fpi are 22% higher 

than the G-SC values at 16 000 W/m^ (5100 Btu/(hr-ft^)), and 15% higher at 41 000 W/m-

(13 000 Btu/(hr-ft~)). The values of q for the 26-fpi are nearly identical to the values of 

the G-SC. 

The Tu-Cii has been optimized for the condensation of organic fluids, so the fact that it is 

the best performer is not surprising. Even though the short-fin 40-fpi has 7% less surface area 

per unit length than the 26-fpi, the 40-fpi still out-performs the 26-fpi. The fin spacing of the 

40-fpi is 0.457 mm (0.018 in), while the fin spacing of the 26-fpi is 0.672 mm (0.0265 in). The 

ATNti m Mm ^ n CT^o/^1 n rr 10 o c i K* f At /'^000^ C\ 
A A. A A A. WA A C4.0 J X. XV îlX^U. C4.i. \ X ^ ^ J 111^. 

Since the 40-fpi is closer to the optimum fin spacing than the 26-fpi, the 40-fpi should perform 

better. Since the G-SC is essentially a 26-fpi with modified fins and has only a 3.5% increase 

in surface area per unit length over the 26-fpi, the G-SC performance should be similar to the 

26-fpi. 

Qiirr*TT>o r»ir 

1. For HCFC-123, increasing the heat flux causes the average bundle shell-side heat 

transfer coefficient to drop for all four tube geometries. 
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2. For CFC-11, increasing the heat flux causes the average shell-side bundle heat transfer 

coefficient to increase for all four geometries. 

3. For HCFC-123, the Tu-Cii is the best performing geometry, followed by the 40-fpi, 

G-SC, and nnally the 26-fpi geometry. 

4. For CFC-11, the Tu-Cii is the best performing geometry, followed by the 40-fpi, and 

finally the G-SC and 26-fpi. The G-SC and 26-fpi perform similarly for CFC-11 

condensation. 

5. Of the four tube geometries tested, the average shell-side heat transfer coefficient of 

Tu-Cii is most affected by the amount of condensate draining from the tube. 

6. The row-to-row average shell-side heat transfer coefficient behavior differs significantly 

between the four geometries. 

7. For a given tube geometry, the row-to-row average shell-side heat transfer coefficient 

behavior is the same for both HCFC-123 and CFC-11. 

8. For all four tube geometries, the HCFC-123 average shell-side heat transfer coefficients 

are higher than those for CFC-11. 
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CHAPTER 7. DESIGN CORRELATIONS FOR HFC-134a AND HCFC-123 

Although the shell-side heat transfer coefficient data presented in the previous chapters 

can be used in the graphical and tabular formats, the data can be more conveniently used 

by designers if the data are correlated with an appropriate equation. Several shell-side 

condensation correlations have been previously discussed in Chapter 2. In this chapter, a 

semi-empirical correlation is presented for the HFC-134a and HCFC-123 average shell-side 

bundle heat transfer coefficients presented in the previous two chapters. The correlation is 

also applicable to CFC-12. The next section will discuss the form of the correlation used to 

fit the experimental data. 

Form of the Correlation Used to Fit the Experimental Data 

The Bcattv aiid Kaiz I'l 94SV Pearson snri 'wirnprj m pnH ^nH Murav.'ski (1 

correlations discussed in Chapter 2 are examples of semi-empirical correlations. Because 

of the complexities of the condensation phenomenon, the governing equations cannot be 

completely solved. One method of obtaining a correlation is to incorporate the relevant 

physical parameters and several adjustable constants into an equation, and use experimental 

daia lo dcLcrniinc ihe value of the adjustable constants. A correlation developed in this manner 

is known as a semi-empirical correlation. 

For laminar condensation on a tube with negligible vapor velocities, the relevant physical 

parameters are: 
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1. tube load or heat flux, which indicates the thickness of the liquid layer on the tube; 

2. thermal conductivity of the condensate, which determines how well energy is transferred 

through the condensate; 

3. surface tension of the condensate, which is responsible for thinning of the liquid layer 

as well as liquid retention in the tubes; 

4. viscosity of the condensate, which is responsible for shear stresses that retard the 

downward flow of the condensate; 

5. liquid and vapor density of the refrigerant, which determine the body force on the 

condensate due to gravity. 

As discussed in Chapter 2, Webb and Murawski (1990) were successful in correlating the 

row condensation heat transfer coefficient as a function of the condensate Reynolds number 

only. The condensate Reynolds number is the ratio of the condensate mass flow rate to the 

condensate viscosity, and thus includes the effects of condensate thickness and the shear 

stress in the condensate layer. This simple correlation worked well for Webb and Murawski 

because they used cnlv one rcfriscrant (CFC-l 1") at oric saiuralion iemnenunre. Since rheT-mpi 

conductivity, surface tension, viscosity, and density all vary with temperature and refrigerant, 

the Webb-Murawski data cannot show the dependence of heat transfer on these parameters. 

Because the present study involves several refrigerants (and hence, variable fluid properties), 

the Webb-Murawski correlation is not sophisticated enough to nt the present data. 

The V/cbb-Murawski corrclatior! does picsciiL a guou starting point, nowever. xne 

condensate Reynolds number includes the condensate mass flow rate, which is an indicator of 

the heat fliux, as well as the viscosity of the liquid condensate. Surface tension and density can 

be expressed dimensionlessly by using the Bond number (Bo), which is the ratio of buoyancy 

forces to surface tension forces. The conductivity of the condensate layer can be expressed 
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dimensionlessly by using the Prandtl number (Pr), which is the ratio of momentum diffusion 

to thermal diffusion in the condensate layer. Finally, the problem can be completely non-

dimensionalized by introducing the Nusselt number, which is the dimensionless expression 

of the shell-side heat transfer coefficient. 

The Nusselt number is assumed to take the following form: 

- a 
4 m ,  

.^7 
I A', 

\ g { P j -  P g ) L ~  

a 

,, id 
iidLf 

k 
f 

(7.1) 

Re Bo i'r 

Taking logarithms of both side yields: 

In Nu = Ir. a + 6 In Re -f c In Bo + d In Pr y i . ^ )  

The constants a, 6, c, and d in Equation 7.2 can be determined by fitting the experimental data 

using conventional multiple linear regression techniques. 

For the Reynolds number used in the above equations, is the mass flow rate of the 

refrigerant entering the condenser, L is the length of the tube bundle, and Nq is the number 

of columns in the bundle. Thus, the flow rate used in this correlation represents the mass 

flow rate draining from one column of tubes. Since the average shell-side bvindle heat transfer 

coefficients presented in the previous two chapters are based on the nominal outer surface 

area of the tube, the heat transfer coefficients predicted by Equation 7.1 will be based on the 

nominal tube outer surface area as well. 

CorTiparison of Correlation to Experimentai Data 

Since the geometry for each of the four tube types tested is different, it is reasonable 

to expect that the physical parameters described above may interact differently for each 

geometry. Tlierefore, a set of constants was calculated for each of the four tube geometries. 

These constants are listed in Table 7.1. Only the HFC-134a, HCFC-123, and CFC-12 data 
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Table 7.1; Constants for tquation 7.1 

geometry a b c d 

26-fpi 6.369x10- -0.200 0.100 -0.445 

40-fpi 1.387 xlO^ -0.179 0.043 -0.417 

Tu-Cii 4.530x10"^ -0.472 1.114 -1.081 

G-SC 1.914x10^ -0.116 0.159 -0.460 

were used in determining the correlation constants. As discussed in the previous chapter, 

CFC-11 condensation is significantly affected by vapor shear. Since the correlation proposed 

above does not account for vapor shear effects, the CFC-11 data were not used during the 

calculation of the correlation constants. 

The constants a, b, c, and d are unique for a given tube geometry. Thus, a set of constants 

a, b, c, and d are applicable to only one tube geometry, and a unique set of constants must 

be detennined for each tube geometry that the correlation is to be used with. Once a set of 

constants has been determined for a particular tube geometry, the correlation can be used for 

a variety of different refrigerants. 

Figures 7.1- 7.4 show the actual and predicted values of the average shell-side bundle 

heat transfer coefficient (li „ for the four tube gcorncu'ics levied ui ilns sluuy, Triese ngure.v: 

indicate that the correlation generally does quite well at predicting the trend in the average 

shell-side bundle heat transfer coefficients. 

Figures 7.5- 7.8 show the difference between the actual and predicted values of 

For the 26-fpi geometry, the predicted values of q are within 2% of the actual values 

across the e.'itiTc heat lange iciLcd. Fur Lhc 40-rpi gcoir.ciry, the predicicd values of q 

are within 6% of the actual values across the heat frax range tested. For the Tu-Cii geometry, 

the predicted values of q are within 10% of the actual values, except at 16 000 W/m-

(5100 Btu/(hr-ft")), where the difference is 20%. For the G-SC, the predicted values of ^ 

are within 5% of the actual values across the entire heat flux range. 
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Limitations on the Present Correlation 

Since the correlation constants listed in Table 7.1 were determined with a limited data 

set, the correlation is technically only valid for the conditions under which the data used 

to develop the correlation were obtained. Therefore, care must be taken when applying the 

correlation to conditions that do not coincide with those used to obtain the current data set. 

The test conditions under which the present data were obtained along with the effect of these 

conditions on the validity of the correlation are discussed below. 

1. The present data were obtained using only copper tubes. Because copper has a relatively 

high thermal conductivity, the fin efficiency was assumed to be 100% for the develop

ment of the present correlation. The thermal conductivity of other tube materials, such 

as stainless steel, may be as much as an order of magnitude lower than that of copper, 

and therefore these tubes will have fin efficiencies well below 100%. Forenhanced tubes 

that have well defined geometries (such as finned tubes), Equation 7.1 should be used 

in conjunction with the fin efficiency in order to calculate the effective shell-side bundle 

heat transfer coefficient. For enhanced tubes that do not have geometries for which a fin 

cfficIcncy caa be easily ucicimiiLcd (sucil as ihe Tu-Cii), a new set of consianis shouia 

be determined for Equation 7.1 vAen using tubes constructed from materials other than 

copper. 

2. Only 19.1 mmi (0.75in) nominal o.d. tubes and a bundle length of 610 mm (24 in) were 

used to obtain the current data set. The correlation does account for tube diameter and 

length. However, the correlation has not yet been tested with other tube diameters and 

bundle lengths, so whether the correlation adequately accounts for variations in tube 

dimensions is not known. 
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3. Only 5-row by 5-column bundles with one pitch arrangement were used to obtain 

the data set used in the development of the correlation. The correlation should be 

experimentally verified for other bundle sizes and pitch arrangements. 

9 9 
4. Tne present data were obtained over a heat fiux range of 16 000 W/m" (5100 Btu/(hr-ft-)) 

to 41 000 W/m^ (13 000 Btu/(hr-ft-)). As the discussion in the previous chapters 

indicates, q is dependent on heat flux. Therefore, the correlation should be experi

mentally verified for heat fluxes beyond the range of the present data. 

5. HFC- i34a, HCFC-123, and CFC-12 data v/ere used to develop the correlation constants. 

Tne shell-side heat transfer coefficient is dependent on thermophysical properties. Al

though the three refrigerants used in the development of the correlation have a wide 

variation in thermophysical properties, they do not cover the entire range of thermo

physical properties that may be encountered. For example, CFC-113 has a larger liquid 

density, larger liquid viscosity, and smaller liquid specific heat than the three refrigerants 

used to develop the correlation. Tne correlation should be experimentally verified for 

refrigerants other than HFC-134a, HCFC-123, and CFC-12. 

6. Thermophysical properties are also dependent on saturation temperature, so the corre

lation should be used with caution for saturation temperatures thai are different from 

35°C (95°F). For example, the liquid viscosity of HFC-134a ai 50'C (122"F) does 

not fall within the viscosity range of the data used to develop the correlation, and is 

nearly 15% lower than the lowest viscosity used in the developmient of the correlation 

constants. 

7. The correlation does not account for vapor shear, and it should be used with caution 

when vapor shear effects are significant. 
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Even with the above listed limitations, the correlation proposed in this chapter should 

prove useful for many design conditions. The heat flux range and sat uraiiGn tcmpcrsturc 

chosen for the present study are quite representative of the conditions found in actual refrigerant 

condensers. Copper is the most common tube material used throughout the refrigeration 

industry, and the 19.1 mm (0.75in) nominal o.d. tube size is also one of the most popular sizes. 
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y^nnr i iSrv 6. v^ui\^i^*jbiv>i>s 

The purpose of the current study was to measure shell-side heat transfer coefficients 

for the condensation of HFC-134a and KCFC-123 on tube bundles using a staggered tube 

arrangement. For comparison purposes, shell-side heat transfer coefficients were also mea

sured for CFC-12 and CFC-11. The average shell-side bundle heat transfer coefficient and 

the shell-side heat transfer coefficient for the middle tube of each row were computed. The 

tube bundles were constructed from 4 different tube geometries of the type commonly used 

in the refrigeration industry. The data were obtained at a saturation temperature of 35°C 

(95°F) and over a heat flux range of 16 000 W/m- (5100 Btu/(hr-ft~)) to 41 000 W/m~ 

(13 000 Btu/(hr-ft^)). The conditions are typical of those found in refrigerant condensers. 

Summary of HFC-134a Data 

For HFC-134a condensation, the Turbo C-H was the best performing tube, followed by 

the 40-fDi. the GEWA SC, and the 26-fpi, in that order. The shell-side heat transfer coefficients 

for the Turbo C-II a-re 130% higher than those for the 40-fpi (the second best performing tube) 

at the highest heat flux tested, and 240% higher at the lowest heat flux tested. The 40-fpi 

shell-side heat transfer coefficients are 5% greater than those of the GEWA SC, while the 

GEWA SC shell-side heat transfer coefficients are 9%-18% higher than those of the 26-fpi. 

For all tube geometries, the average shell-side heat transfer coefficients decrease with 

increasing heat flux, with the decrease ranging from. 9% for the GEWA. SC to 39% for the 
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Turbo C-II over the heat flux range tested. The row-to-row shell-side heat transfer coefficient 

behavior is different for each tube geometry. 

The shell-side heat transfer coefficients of HFC-134 for the 26-fpi, 40-fpi, and GEWA 

SC are 20% higher than those for CFC-12. For the Turbo C-II, the HFC-134a shell-side heat 

transfer coefficients range from 50% higher at the highest heat flux tested to 100% higher at 

the lowest heat flux tested. These differences are due to the thermophysical properties of HFC-

134a being more favorable to condensation heat transfer than those of CFC-12. For a given 

tube geometry, the row-to-row shell-side heat transfer coefficient behavior for HFC-134a and 

CFC-12 is quite similar. 

Summary of HCFC-123 Data 

For HCFC-123 condensation, the Turbo C-II was the best performing tube, followed by 

the 40-fpi, the GEWA SC and the 26-fpi, in that order. The shell-side heat transfer coefficients 

for the Turbo C-II are 70% higher than those for the 40-fpi (the second best performing tube) 

at the lowest heat flux tested, and 40% higher at the highest heat flux tested. The 40-fpi 

shell-sific hp.flt transfer coefficients are 13%—25% higher than these of the GEWA SC, v/hils 

the GEWA SC shell-side heat transfer coefficients are 10% higher than those of the 26-fpi. 

For KCFC-123 condensation on all tube geometries, the average sheil-side heat transfer 

coefficients decrease with increasing heat flux, with the decrease ranging from 9% for the 

GEWA SC to 30% for the Turbo C-II over the heat flux range tested. For CFC-11, the average 

tT'3^nc'fpr bv S-DorcxiiTicitciv 10^ wit'n iricrcdsin^ ViStit wux 

over the heat fiux range tested. Tne increasing shell-side heat transfer coefficient with heat 

flux suggests that CFC-11 is greatly affected by vapor velocity. The row-to-row shell-side 

heat transfer coeffi.cient behavior of each tube geometry is different. 

The shell-side heat oransfer coefficients of HCFC-i23 are as much as 60% higher than 
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those for CFC-11 at the lowest heat flux tested, but only 10% higher at highest heat flux tested. 

The improvement is due to the lower surface tension of HCFC-123 relative to CFC-11. For 

a given tube geometry, the row-to-row heat transfer coefficient profiles for HCFC-123 and 

CFC-11 are quite similar. 
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APPENDIX A. DERIVATION OF UNCERTAINTY ANALYSIS EQUATIONS 

The method used to determine the experimental uncertainty in the calculated heat transfer 

coefficients is the propagation of errors approach described in Holman (1984). Tnis method 

uses the squares of the uncertainties in the independent parameters to compute the uncertainty 

in the calculated quantity. For any calculated quantity y, the uncertainty in the calculated 

value of y, ivy is calculated from 

IVy 
dy ( dy (  dy V2 
r W'T-, -T -r • • • IVr^ (A.l) 

^1 

where • • • xn are the independent parameters which are used to calculate j/, andtux^ '"" 

are the uncertainties in the independent parameters. 

The shell-side heat transfer coefficient is calculated from Equation 4.14. Substitution of 

Equation 4.8 mto Equation 4.14 yields 

, <l[^olA,)-qAoKt,,  
In -rrf —7TT 
'  sai -  lu.out 

In order to find the uncertainty in ho. Equation A.2 must be differentiated with respect 

to the independent variables q, hj, Tgg^f, T^u^oid-' ^^d Riy.. The partial 

derivatives are then used to calculate by the method of Equation A.l. The partial 

derivatives with respect to Ao, A^, and are neglected since these parameters are based on 

arbitrary nominal diameters and a nominal tube length. A.fter neglecting the aforementioned 
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partial derivatives, the governing uncertainty equation becomes 

fdho ^ (dho _ ( dho Y 
( I 1 - I +1 r.i 
yuq -J \an^ ' i  J \oisat 

/ dho V -i- f ^"0 

0"! 1 /2 z -' -

(A.3) 

Each of the terms in the right side of the above equation will be discussed in detail in the 

following sections. 

Uncertainty Due To Heat Transfer Rate 

The partial derivative of Equation A.2 with respect to q is given by 

dho /if 

In ^— 
^ sat • '^w.out 

(A.4) 

q[AolAi) — qAoB-twhi 

qhji-Ao/Aj - ApRi^i-hj) 
9 

hjAo{T^^,qiil 

j. Q /-t i  .1 ^ 

- ''/(- ' io/zii)  -  qAoRtwh-i 

As discussed in Chapter 4, the energy transfer rate can be calculated from either the 

refrigerant energy transfer rate 

^iref ^^ref^'ref.out h-efSn^ (A.5) 

or ins Water energy tranSiCr rate 

qw — ^' ' 'u:Cp{T^^._q^i T^cjn) (A.6) 

By using a repeated application of Equation A.l, wq can be calculated using the following 

equations. 
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For the calculation of q, which is based on both qiu and q^.^j 

9  =  i ( l r e f ^^w) l 2  ( A .7 )  

1 r 2 2 
z L ' lej  

Wq =  - \Wa  r  +  t t .V / , , , 1  ( A .8 )  
' L ^rtj  

For the calculation of which is based on qw only, 

q = qw (A.9) 

^^q ~ (A.iO) 

Applying the method of Equation A.l to Equations A.5 and A.6, '•^'qj.(,j ^'^qw can be 

calculated as follows; 

^'^rcj ~ ~ Ve/,zn)^'my.gy) ~ 

rejan 

n 
lu^out'  

{mujCpWjn . (A.12) 

where 

• lu.m 

ic^ , = ±U.025"C 
^ w.oui 

~ iO-025'^C 
c6\ 6 77. 

w r r  rhj^^j ~ ±(0.002mj.gj-+ 0.002kg/min) 

~ ±(0.002m^u-f 0.150kg,/min); bulk flow rate 

Tr • = -j-n m .'A i"-^u —_ wvy i. . . l^N-/ 

Tne uncertainty in Cp is neglected. 

The enthalpy i  is a function of temperature and pressure. Therefore, by Equation A.l 

r • - I 1 "-'Psw/ ~—^'-'r ;- • i ! (A. 14) 
' r e j a n  jV dpgat \ f ^rcf.inl I 

/ ! 
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w; 
re f .out 

^h-ef.out 
— ft-' 

^h-e f .out 
(A.15) 

where 

WT r • = ±0.025°C 
T > T) r e f j n  

wrp ^ = ±0.025 °C 
rej.out 

= ±2.585kPa,HFC-134aandCFC-12 

= ±0.8618kPa,HCFC-123 andCFC-11 (A.16) 

The enthalpy partial derivatives axe computed by using the computerized property equa

tions and applying a finite difference method centered around T^ef irv ^re/ out-

For Psat-: ̂  gnd size of 40 kPa is used. For and a grid size of 10°C is used. 

Uncertainty Due To the Water-side Heat Transfer Coefficient 

The partial derivative of Equation A.2 with respect to hi is given by 

dho 

-  -  qAoRt^^Ji^ 

/ 

- (l[Ao!A{) -  qAoR'ai^hi 

ihe uncertainty in the water-side heat transfer coefficient, u'/,is taken to be 0.005/? ;. 
• - )  
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Uncertainty Due to the Saturation Temperature 

The partial derivative of Equation A.2 with respect to is given by 

oh';Ao[l u;,oiit  ~ w.in) 
d h p  

O I. t i 6 

^ sat ^ IV.out (Tg^Qi T^w.ouO' 

T,„f-Tw.in (iK^olA-)- qAoRuuhi 
In 

X 

T—3T— sai ^ w,oul 

^ sat ^ w.out 

In -rp'— 
• '-sat • '-w,out_ 

(A.18) 

i '^sat '^lu^out) 

The saturation temperature is calculated from the saturation pressure. Therefore, by Equa

tion A.l 

dTsat.  
w 

^ ^Psat 
lU Psat (A.19) 

This partial derivative is computed by the computerized refrigerant property routines, at 

is given above. 

Uncertainty Due To the Inlet Water Temperature 

ine partial derivative of Equation A.2 with respect to is given by 

qh: 
— h:Ao 

dhc [ 

In .  r T,.s-Trv,in ]~ 
' _ 1 1 - It*. rrm'- »•» — — l' » •sal -^iLKOui T —T -^sat ^ w.out 

sr,„ ,• 

u-an)] 

^ (A.20) 
- i 2  

rp ^ 
. J- Q n i  ~~ 4, cTl/ 
In m- m—^ 

([{ A-ojA;) — qAoR* II-h: 

sat w.ouL 

ihe uncertainly in 1\^. is given above. 
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Uncertainty Due to the Outlet Water Temperature 

The partial derivative of Equation A.2 with respect to is given by 

qh. 

dhc 

hjAp hjAoi-i-ip out 
, i J tu.zn 
In .-n-' rp ^ 

^  sat ^ logout In 
^ r/ / ^ Z ^ rp rp , 

r '  ; -T  ; [T^ a t -Tw.out]  
sat  ^w.out j  

Qiii 

i_  ^snt  w. , in  in rp— _//i  
sat  ^ lu.out  

,;(AolAi)-qAoRu,k^ 

(A.21) 

The uncertainty in Ti^^out is given above. 
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Table B. 1: Refrigerant-side data for the 26-fpi geometry 

irJet uuuLc  middle tube ^ s,0 ! 

q sh sc row 1 row 2 row 3 row 4 row 5 
'i 

rn 1 

run \V or* OO 0 "C "C °C °C kg/min || 

afl8 18110 35.05 3.44 .14 33.60 33.68 33.23 33.33 33.45 6.35 
af24 24190 35.03 4.64 .19 32.95 33.00 32.66 32.74 32.95 8.41 
af30 30130 35.02 3.33 .17 32.19 32.27 31.97 32.19 32.30 10.56 
aG6 36130 34.97 4.99 .29 31.47 31.58 31.18 31.50 31.58 12.51 
afl6 16010 35.04 5.61 .13 33.74 33.81 33.39 33.47 33.56 5.53 
aflS 18020 34.98 4.10 .17 33.52 33.59 33.12 33.22 33.34 6.28 
af20 20180 34.97 4.71 .21 33.31 33.41 32.93 33.00 33.21 7.01 
af22 22280 35.01 4.11 .21 33.13 33.18 32.77 32.84 33.08 1.11 

af24 24140 35.01 4.12 .20 32.92 32.97 32.60 32.68 32.92 8.42 
af26 26150 35.06 3.91 .19 32.76 32.78 32.46 32.60 32.78 9.13 
af28 28240 34.95 3.58 .23 32.36 32.41 32.12 32.25 32.41 9.87 
afSO 30170 35.02 3.31 .26 32.20 32.25 31.95 32.17 32.28 10.57 
af32 32040 33.00 3.19 .23 31.96 32.07 31.73 31.98 32.07 11.24 
aG4 34070 34.94 2.46 .28 31.65 31.76 31.40 31.68 31.74 12.00 
aG6 36160 35,01 3.84 .24 31.51 31.65 31.22 31.53 31.59 12.61 

Table B.2; Water-side data for the 26-fpi geometrv 

<7 Tb^ik.in Tiuik.out LMTD ^^^tubc Rc h: 
W 

m^K run W ^C2 kg/min kg/min 

h: 
W 

m^K 

any  18020 28.63 30.63 5.40 129.55 5.18 9560 6690 
af24 24150 27.72 19.T:, 6.27 172.39 6.90 12470 8330 

1 aou 30270 26.85 28.86 7.14 215.41 8.62 15290 9870 i 
af36 36570 25.76 27.84 8.15 251.63 10.07 17440 11050 
afl6 15860 29.26 31.08 4.86 125.09 5.00 9340 6540 
aflS 17930 28.58 30.56 5.39 130.00 5.20 9580 6700 
afZO 20110 28.17 30.20 5.77 142.33 5.69 10400 7180 
af22 22220 27.93 29.95 6.04 158.22 6.33 11500 7800 

11 1 /I A -rvy nn 1 ̂ 
^ ! I 

'^r\ -n t I i r ^ r U.-iU 173.16 A 
af26 26190 27.49 29.49 6.54 187.84 7.51 13520 8900 

11 af28 28340 27.01 29.03 6.90 201.04 8.04 14320 9350 
aGO 30340 26.76 28.79 7.23 213.83 8.55 15150 9800 
af32 32240 26.54 28.55 7.44 230.01 9.20 16210 1 iw jou  
af34 34390 26.15 28.17 l . l(i  244.48 9.78 17080 10840 i 
af36 36520 25.92 27.95 8.06 258.62 10.34 17980 11310 
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Table B.3: Row data for the 26-fpi geometry 

! 1 

run 

row 1 
rp / /  
^  lL\OUt 9 

®C W/m^ 

row 2 

^ w.out 9 
°C W/rr/ 

row ^ 

^W.OUt 
°C \V/m^ 

row 4 
T rJ ̂  ^w.out "7 

°C W/m^ 

row 5 

^ w.oid Q 
°C W/m-

afl8 
af24 
af30 
af36 

30.62 20170 
29.70 26710 
28.78 32530 
27.75 39180 

30.65 20480 
29.72 26980 
28.81 33040 
27.79 39970 

30.47 18650 
29.59 25220 
28.70 31180 
27.65 37220 

30.51 19060 
29.62 25630 
28.78 32530 
27.76 39380 

30.56 19560 
29.70 26710 
28.82 33210 
27.79 39970 

afl6 
aflS 
afZO 
af22 
af24 
af26 

af28 
af30 
aB2 
af34 
af36 

31.07 17720 
on C£, OHA/fA 

30.18 22500 
29.93 24760 
29.68 26690 
29.45 28810 
28.97 30830 
28.72 32960 
28.47 34740 
28.09 36920 
27.86 39260 

31.10 18010 
30.59 20340 
30.22 22940 
29.95 25010 
29.70 26960 
29.46 28950 
28.99 31150 
28.74 33300 
28.51 35460 
28.13 37690 
27.91 40270 

30.93 16340 
30.40 18410 
30.03 20830 
29.79 23030 
29.56 25070 
29.34 27190 
28.88 29420 
28.63 31460 
28.39 33300 
28.00 35200 
27.76 37240 

30.96 16640 
30.44 18820 
30.06 21160 
29.82 23400 
29.59 25470 
29.39 27930 
28.93 30200 
28.71 32800 
28.48 34920 
28.10 37110 
27.87 39460 

31.00 17030 
30.49 19330 
30.14 22050 
29.91 24510 
29.68 26690 i 
00 Afi,  TQQ'jn ! 

28.99 31150 
28.75 33460 
28.51 35460 
28.12 37500 
27.89 39870 

Table B.4: Shell-side heal transfer coefficients and uncertainties for the 26-fpi geometry 

bundle row 1 row 2 row 3 row 4 row 5 

run ho w /'o v J ho w ho w ho w ho w 

1 
w/ni- W/'m 

w . .. 
~ 70 

\\r \\i 
± % 

wl 
± % 

\\r 
± Vc 

T 11 
w/ni- W/'m 

m2 K 
. .. 

~ 70 
m2 K m2 K 

± % 
m2 K 

± % 
K 

± Vc 
m2 K 

afl8120290 1200 14840 10. 14440 11. 15510 12. 10490 9. 11370 10. 12630 10. 
af24 27160 1600 13960 7. 13140 8. 13630 9_ 10840 8. 11410 8. 13140 8. 
af30 33930 2000 13220 6. 11630 7. 12170 7. 10320 6. 11630 7. 12360 7. 
af36 40840 2410 12690 5. 11310 6. 11930 6. 9910 6. 11460 6. 11930 6. 
afl6 17910 1060 14840 11. 14160 12. 15320 13. 10190 10. 10890 10. 11930 11, 
aflS 20190 1190 14570 9. 14190 11. 15230 12. 10120 9. 10960 9. 12150 iO. i  

af20 22640 1340 14390 8. 13940 10. 15190 11. 10400 8. 11000 9. 12840 10. 
af22 25000 1480 14020 8. 13490 9. 14030 9. 10450 8. 11010 8. 12990 9. 1 1  

af24 27130 1600 13820 7. 13040 8. 13530 9. 10590 7. 11130 8. 13040 8. 
af26 29400 1740 13630 6. * -i. / \j\j 8. 12920 8. 1 r>^AA luOuu 7. 11490 7. 12920 8. 
af28 31790 1880 13360 6. 191 7 n 7. 12500 n . 105^0 7. 1 1 1 1 /U n /. 12500 7. 
af30 33990 2010 13020 6. 11810 7. 12170 7. 10340 6. 11630 7. 12360 7. 
af32 36110 2130 12910 5. 11520 6. 12220 7. 10270 6. 11690 6. 12220 7 

af34 38460 2270 12700 5. 11340 6. nnnn A mnon 1 6. 1 1 NAA a, \j. 1 I o-!n 1 1 O Ju < o. 
af36 140830 2410 12610 5. 11320 6. 112110 6. 9910 6. 11470 6. 11790 6. 
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Table B.5: Refrigerant-side data for the 40-fpi geometry 

inlet outlet middle tube Ts,o 1  

sat sh sc row 1 row 2 row 3 row 4 row 5 m  j 

run W °C °C °C °C °C °C °C °C kg/min j  

agl6 16000 34.99 4.32 .11 33.92 33.75 33.92 33.84 33.78 5.57 

agl8 18160 35.04 3.40 .16 33.81 33.62 33.81 33.73 33.62 6.36 

ag20 20110 35.04 4.63 .17 33.69 33.46 33.69 33.60 33.49 6.99 

ag22 22060 35.05 4.02 .15 33.55 33.30 33.58 33.47 33.30 7.70 

ag24 24090 35.04 4.45 .15 33.39 33.12 33.47 33.36 33.12 8.39 

1  ag26 26160 34.97 3.33 .33 33.20 32.85 33.23 33.12 32.82 9.16 
ag28 28100 35.03 3.54 .26 33.10 32.74 33.16 33.01 32.68 9.83 
ag30 30070 35.04 3.81 .19 32.98 32.53 32.95 32.77 32.40 10.51 

ag32 32180 35.02 4.30 .24 32.86 32.33 32.76 32.55 32.18 11.21 

ag34 34000 34.99 3.21 .25 32.65 32.09 32.56 32.31 31.87 11.65 
ag36 35980 34.99 6.40 .25 32.55 32.01 32.42 32.14 31.70 12.35 

agl8 18040 34.96 2.80 .17 33.70 33.51 j:>.7J 33.62 33.54 6.34 
ag24 24180 35.02 3.92 .19 33.37 33.11 33.43 33.31 33.11 8.44 

ag30 30150 35.01 3.78 .26 32.95 32.49 32.95 32.80 32.43 10.53 

ag36 35960 35.04 4.76 .29 32.62 32.06 32.53 32.22 31.81 12.48 

Table B.6: Water-side data for the 40-fpi geometry 

<1 T bulk,in T bulk.out LMTD ' ' 'bulk ' ' ' tube Re 

w °C °C \r rt !  t v» 1  iilXXl ]/»• rr 1 r> XV ^ iXXlik 
W 

. 1 i 
!l 

agl6 15760 28.92 30.72 5.14 125.35 5.01 8470 5240 i l  

aglB 17950 28.29 30.27 5.74 130.17 5.21 8690 5370 

ag20 19920 28.04 30.03 5.99 143.65 5.75 9540 5800 
ag22 21870 27.80 29.80 6.25 156.87 6.27 10360 6200 
ag24 23890 27.61 29.59 6.44 173.07 6.92 11380 6700 
ag26 26040 21.21 29.26 6.72 187.87 7.51 12260 7130 
ag28 28040 27.02 29.03 7.02 '>r\r\ ^r\  

i uu . zu  8.01 1  r\r\r\  i JUUU 7480 
ag30 ^ r\r\  ̂  r\  

26.1 Z 28.77 7.30 216.72 8.67 13990 7950 
ag32 32310 26.47 28.47 7.60 231.97 9.28 14870 8370 
ag34 34260 26.10 28.13 7.94 241.97 9.68 15390 8620 
ag36 36200 25.86 27.90 8.18 255.04 10.20 16140 8970 

a2l8 17910 28.18 30.17 5.76 129.31 5.17 8610 5340 
ag24 24070 27.53 29.54 6.49 172.41 6.90 11320 6670 

agOU 
r\^  ̂ r\  

J'JZ.OKJ Z.Q.I A ZC)./J 7.32 215.84 8.63 13920 7920 

36370 25.77 27.87 8.28 04.0 on  9.97 15750 99nn  1 
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Tabic B.7: Row data for the 40-fpi geometry 

row 1 row 2 row 3 row 4 row 5 
run '^w.out ^  IV.out ^w.ont.  -7" '^w.ont fl" a" 11 

°C W/m^ °C W/m^ °C W/m^ 1 °C W/m^ °C W/m- 1 

agl6 30.74 17750 30.68 17170 30.74 17750 30.71 17460 30.69 172601 
agl8 30.28 20160 30.21 19450 30.28 20160 30.25 19850 30.21 19450 
ag20 30.03 22350 29.95 21460 30.03 22350 30.00 22020 29.96 21570 
ag22 29.80 24410 29.71 23310 29.81 24530 29.77 24050 29.71 23310 
ag24 29.58 26530 29.49 25320 29.61 26930 29.57 26390 29.49 25320 
ag26 29.26 29090 29.14 27340 29.27 29240 29.23 28650 29.13 27190 
ag28 29.04 31310 28.92 29440 29.06 31620 29.01 30840 28.90 29130 
ag30 28.80 34060 28.65 31540 28.79 33900 28.73 32880 28.61 30860 
ag32 28.52 37000 28.35 33940 28.49 36460 28.42 35200 28.30 33030 

o 1 r> jLd.lO oyiou ^ n 
Z.O.UU 35780 28.15 38600 28.07 37090 27.93 34460 

ag36 27.96 41680 27.79 38300 27.92 40880 27.83 39100 27.69 36320 
aglS 30.17 20020 30.10 19320 30.18 20120 30.14 19720 30.11 19420 
ag24 29.53 26700 29.44 25490 29.55 26960 29.51 26430 29.44 25490 
agSO 28.75 34090 28.60 31570 28.75 34090 28.70 33250 28.58 31240 

|ag36 27.93 41890 27.75 38400 27.90 41300 27.80 39360 27.67 36840 

Table B.8; Shell-side heat transfer coefficients and uncertainties for the 40-fpi geometry 

bundle row 1 rov/ 2 row 3 row 4 row 5 
run q" q' ho w ho w ho IV ho lu ho w ho w 

IW/m^ W/m vv 
K 

vv 
K 

w 
m2 K 

W 
; %  

W 
m2 K 

W 
m2 K 

iNa lA  !  
aglS 

1 cJo-OQ 
ag22 
2^24 
ag26 
ag28 
2^30 
ag32 I 
ag34 i 
as36 i 

20170 
22360 
24540 
26810 
29170 
31360 
33590 
36030 
38130 
40330 

1050 
1200 
1330 
1460 
1590 
1730 
1860 
1990 
2140 
2260 
2390 

17110 
17130 
17320 
17240 
17300 
17120 
16670 
15990 

15730 
15460 
15440 

11. 
10. 
10. 

9. 

7_ 

6. 
6. 
6. 

17150 14. 
17230 13. 
16850 12. 
16530 11. 
16940 10. 
16660 10. 
16930 9. 
17430 9. 
17060 8. 
17380 8. 

14170 12. 
1 Ar\^r\ ^ 1 

13630 10. 
13530 10. 
13160 9. 
13120 8. 
|0'74Q O 

12780 
12480 7. 
13020 7. 

•u xO. 

17150 14. 
A / lu. 
17280 12. 
17770 11. 
17330 11. 
17390 10. 

16150 8. 
16180 8. 

15760 13. 

16150 

14450 
14030 
13890 

15. 14840 i-t. : 
13. 14170 12. 1 
T 1 ^ A A rsrN l-T-TUU 1 1 1 X i . 1 
11. 13630 10. 1 
i L. 13530 10. i 
10. 12900 

i 
9. 12640 8. 
n y. 1 1 0-7A 1 1 O ' w O O. 1 

6. 1 1 /W 
' •  1 

8. 11160 7- 1 
7. 11130 1. 1 
13. 14140 12. 1 
11. 13640 10. 1 
9. 1 1 -->7 m 1 iZ_) lu 8. j  
7. 11520 7 .  i 

agl8 
ag24 
ag30 
as36 

20080 
26950 
33750 
40410 

1190 
1600 
2000 
2400 

16860 
17340 
16250 
15510 

11. 

9. 
7. 
6, 

16630 14. 
16660 11. 
16940 9. 
17670 8. 

13790 12. 
13640 10. 
12750 8. 

n 

17110 14. 
17470 11. 
16940 9. 

I 16750 8. ;i40 
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Table B.9; Refrigerant-side data for the Tu-Cii geometry 

inlet outlet middle tube Ts.o 1 1 
q sat sh sc row 1 row 2 row 3 row 4 row 5 m I 

run w °C °C °C °C °C °C °C °C 1 kg/min | 

acl8 17990 34.92 3.44 .11 34.57 34.55 34.48 34.34 34.36 6.30 
ac24 24060 35.00 2.47 .17 34.44 34.46 34.37 34.17 34.22 8.48 
ac30 30460 34.99 3.93 .33 34.15 34.17 34.09 33.78 33.89 10.62 
ac36 36490 35.05 3.56 .25 33.89 33.95 33.87 33.47 33.63 12.77 

aclS 18010 34.99 3.10 .12 34.65 34.63 34.56 34.42 34.42 6.33 

ac20 20210 34.99 4.73 .14 34.60 34.60 34.50 34.36 34.38 7.02 

ac24 24210 35.02 3.51 .18 34.47 34.47 34.40 34.18 34.23 8.48 
ac26 26180 35.02 3.08 .21 34.40 34.40 34.32 34.10 34.12 9.19 

ac28 28370 34.98 2.81 .24 34.27 34.30 34.19 33.94 33.99 9.97 

ac30 30140 34.97 2.15 .23 34.16 34.19 34.11 33.80 33.91 10.64 
ac32 32170 34.95 2.53 .26 34.03 34.06 33.98 33.64 33.77 11.32 
ac34 34300 35.07 3.27 .24 34.07 34.09 34.01 33.64 33.78 12.03 
ac36 36100 35.00 3.42 .24 33.91 33.93 33.85 33.45 33.61 12.64 

Table B. 10: Water-side data for the Tu-Cii geometry 

^ ^bulk.in '^bulk,out LMTD ^tube 

run W °C °C °C ks/min ks/min 
I I  "  

acl8 17820 29.82 31.79 4.08 129.69 5.19 9120 6650 
7'?QAr\ 29.36 31.37 4.59 171 1 <; X / J. , X \J 6.85 11920 8270 

ac30 30360 28.79 30.83 5.16 214.70 8.59 14780 9860 
ac36 36810 28.32 30.37 5.69 257.60 10.30 17550 11350 

acl8 17860 29.87 31.85 4.09 129.44 5.18 9110 6640 

1 ac20 20090 29.64 31.66 4.30 142.80 5.71 10010 7170 

ac24 24090 29.40 31.40 4.58 173.14 6.93 12070 8350 
II 1 • / t ^ or' 

4.74 188,03 7.52 1 -Al 1 / 1 1 
i.O\J i \J 

XVJC n • 

1 ac28 28390 28.99 31.01 4.96 201.62 8.06 13930 9390 

ac30 Qonoo 28.87 30.87 'I rvo 215.35 8.61 i^O-rU 9880 

ac32 32180 28.67 30.68 5.26 229.82 9.19 15770 10390 
ac34 34310 28.62 30.63 5.44 244.27 9.77 16750 10910 

1 ac36 36140 28.32 30.37 5.64 253.31 10.13 17260 11200 
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Table B. 11: Row data for the Tu-Cii geometry 

row 1 row 2 row 3 row d row 
run '^w.out '^w.out ^w.out ci" '^w.out l" '^w.out 

°C W/m^ °C W/m^ °C W/m^ °C W/m2 °C W/m2 

|acl8 31.82 20280 31.81 20180 31.78 19880 31.72 19270 31.73 19370 
ac24 31.40 27170 31.41 27300 31.37 26770 31.29 25700 31.31 25970 
ac30 30.85 34410 30.86 34580 30.83 34080 30.71 32070 30.75 32740 
ac36 30.39 41490 30.41 41890 jU.jb 41290 30.23 38280 30.29 39490 
acl8 31.89 20340 31.88 20240 31.85 19940 31.79 19340 31.79 19340 
ac20 31.69. 22890 31.69 22890 31.65 22440 31.59 21780 31.60 21890 
ac24 31.44 27350 31.44 27350 31.41 26940 31.32 25730 31.34 26000 
ac26 31.29 29700 31.29 29700 31.26 29260 31.17 27940 31.18 28090 

|ac28 31.04 32320 31.05 32470 31.01 31850 30.91 30280 30.93 30590 
ac30 30.90 34180 30.91 34350 30.88 33850 30.76 31840 30.80 32510 
ac32 30.70 36480 30.71 36660 30.68 36120 30.55 33800 30.60 34690 
ac34 30.66 38960 30.67 39150 30.64 38580 30.50 35920 30.55 36870 
ac36 30.40 41000 30.41 41190 30.38 40600 30.23 37650 30.29 38830 

Table B.12: Shell-side heat transfer coefficients and uncertainties for the Tu-Cii geometry 

bundle row 1 row 2 row 3 row 4 row 5 

ain q' ho w ho w ho w ho w ho w ho 

vv/m- vv/m 
m2K K K m2 K m2 K K 

acl8 20010 1190 59150 36. 74050 51. 67650 47. 53500 38. 37220 28. 39260 29. ! 
ac24 26820 1590 48180 22. 55570 30. 58920 32. 47350 26. 33420 19. 36160 91 i Zi. 1 

ac30 33980 2020 39880 15. 43730 20. 45480 20. 40580 18. 27710 14. 31140 15. ! 
ac36 40950 2430 34860 11. 37560 15. 39900 15. 36480 14. 24830 11. 28660 12. 
aclS 20040 1190 58340 35. 77070 53. 70200 49. 55150 39. 38080 28. 38080 28. ! 
ac20 22520 1340 57010 31. 71950 45. 71950 45. 53790 34. 38490 26. 40460 27. 
ac24 26990 1600 48360 22. 57170 31. 57170 31. 48550 26. 32800 19. 35440 20. 
ac26 29200 1730 45120 19. 53460 27. 53460 27. 46210 24. 32270 17. 33440 18. 
ac28 31710 1880 43040 17. 50150 23. 52530 24. 44050 21. 30740 16. 32810 16. 
ac30 33650 oAAA /inc/<r\ 1 c 45520 20. -t / tZvj 21. 1 1 A 

iU 19. 28390 1 a i-t. 15. 
ac32 35950 2130 38620 1 /4 XT. ,42380 18. 43950 19. 39500 1 / , 26770 ar\ 

OU/tU 
•« a IT, 

ac34 38330 2270 37030 13. 40950 17. 42360 17. 38370 16. 25950 12. 29520 13. 
ac36 40350 2390 35760 12. 39380 15. 40640 16. •370^0 ; J / 15 25030 11 28960 17 
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Table B.13: Refrigerant-side data for the G-SC geometry 

inlet outlet middle tube 2\s.o 
q '^sat sh sc row 1 row 2 row 3 row 4 row 5 ih 

run W °C °C °C °C °C °C °C °C krCT/rnin II 
adl8 18080 34.99 2.72 .13 33.86 33.62 33.62 33.75 33.34 6.37 

ad24 24080 35.05 3.11 .17 33.56 33.18 33.26 33.40 32.88 8.45 

ad30 30030 35.02 3.02 .25 33.04 32.61 32.67 32.84 32.30 10.54 

ad36 36270 35.06 2.51 .33 32.51 32.07 32.16 32.22 31.59 12.77 

adl6 16260 34.99 3.39 .15 34.03 33.77 33.77 33.90 33.54 5.70 

adlS 18130 34.98 3.25 .14 33.89 O -1 - 33.61 33.74 33.35 6.36 

ad20 20040 34.97 3.18 .18 33.76 33.47 33.47 33.60 33.17 7.03 

ad22 22260 35.05 3.62 .17 33.72 on O 1 33.42 no ^o .30.5:) 33.07 7.79 

ad24 24020 35.03 3.10 .20 33.54 33.13 33.27 33.38 32.85 8.43 

ad26 25990 35.02 2.64 .22 33.39 32.91 33,08 33.16 32.66 9.15 

ad28 28080 35.05 3.91 .23 33.25 32.80 32.94 33.05 32.52 9.81 

ad30 30270 35.03 3.05 .26 33.05 32.56 32.74 32.82 32.27 10.62 

ad32 32160 34.97 3.29 .25 32.83 32.37 32.51 32.57 32.02 11.27 

ad34 34400 35.02 3.55 .23 32.67 32.23 32.34 32.43 31.84 12.04 

j_ad36 36260 35.01 2.34 .30 32.50 32.05 32.14 32.20 31.60 12.78 

Table B. 14; Water-side data for the G-SC geometry 

9 '^bulk.in T bulk^out LMTD ^bulk ^tube Re h; 
1 

T 0/^ O kyf/min ko'/Vm'n 
"W li 11 1 uH YV kyf/min ko'/Vm'n 

m- K 1 

adl8 17970 28.43 30.43 5.57 129.42 5.18 9660 6390 1! 
ad24 24050 27.76 29.77 6.33 171.70 6.87 12640 7960 

ad30 30150 27.01 29.01 7.07 216.86 8.67 15690 9520 ' 

ad36 36740 25.96 28.07 8.11 250.72 10.03 17740 10580 

adl6 16120 28.99 30.84 5.07 125.01 5.00 9430 6250 

adl8 18030 28.42 30.42 5.58 129.52 5.18 9670 6400 

ad20 19980 28.17 30.17 5.81 143.19 5.73 10630 6910 

ad22 22190 27.97 29.99 6.10 158.18 6.33 11700 7470 

ad24 24070 27.73 29.75 6.33 171.43 6.86 12610 7950 

ad26 26020 27.53 29.52 6.54 187.75 7.51 13740 8530 

ad28 28170 212S 29.29 6.81 201.77 8.07 14690 9010 

ad30 30450 26.93 28.95 7.14 216.29 Q O. A ^ 
! ad32 32330 26.63 28.66 7.38 229.66 9.19 16490 9930 

il 
II aaj4 34650 26.41 28.43 7.66 245.36 9.81 17520 10450 
II 1) A 

U\J\J 1 w Zu. i 1 28.15 / .^0 258.24 10.33 18320 10850 



www.manaraa.com

164 

Table B.15: Row data for the G-SC geometry 

row 1 1 row 2 row 3 row 4 row 5 
rjT. '^W.OXll n" 1 ^w.out n" 9" a" 11 

1 
°C W/m^ °C W/m^ W/m^ °c W/m^ °C W/m^ 

ad 18 30.50 20790 30.41 19890 30.41 19890 30.46 20390 30.30 18780 
ad24 29.85 27990 29.71 26120 29.74 26520 29.79 27190 29.60 24650 
adSO 29.09 35010 28.94 32490 28.96 32820 29.02 33830 28.83 30630 
ad36 28.15 42420 28.00 39510 28.03 40090 28.05 40480 27.84 36390 
ad 16 30.93 18820 30.83 17850 30.83 17850 30.88 18340 30.74 1698011 
adlB 30.50 21010 30.39 19900 30.39 19900 30.44 20410 30.29 18900 
ad20 30.26 23230 30.15 22000 30.15 22000 30.20 22560 30.04 20780 
ad22 30.08 25900 29.93 24060 29.97 24550 OA A1 J V.U 1 29.84 229601 
ad24 29.83 27940 29.68 25950 29.73 26610 29.77 27140 29.58 24620 
au26 29.61 30310 29.44 27830 29.50 28710 29.53 29150 29.35 26520 
ad28 29.37 32730 29.21 30220 29.26 31010 29.30 31630 29.11 28660 
adSO 29.04 35420 28.87 32570 28.93 33570 28.96 34080 28.77 30890 
ad32 28.74 37610 28.58 34760 28.63 35650 28.65 36010 28.46 32620 
ad34 28.51 39990 28.36 37140 28.40 37900 28.43 38470 28.23 34660 
ad36 1 28.23 42490 28.08 39490 28.11 40090 28.13 40490 27.93 36480 

Table B.16: Shell-side heat transfer coefficients and uncertainties for the G-SC geometry 

bundle row 1 row 2 row 3 row 4 row 5 

run q" q' ho w ho u,' ho w ho w ho u' ho w 

U_ 

iW/m- W/m w 
nv^ 

± % vv 
K 

± VO I VV 
m2 K 

W 
m~ K 

± % w 
K 

: %  
w 

rcP- K 

lici 18 
3024 
sd30 
ad36 

20G90 
26820 
33530 
40680 

^ ion * A • V 

1600 
1990 
2420 

16090 8. 19580 12. 
15390 
14740 5. 17050 8. 

15290 12. 
14340 10. 

c 
± _/ / V u. 

13430 7. 

;:}2y0 
15260 
1 

14060 

10. 
O 
o .  

7. 

11. 17020 
1 CO'TA O 1 /«-/ Y. 

14500 7 

i i / ow lU. 

11570 8. 
^ ^ A f\r\ n i 1~TUW /. 

10620 6. 
adl6 
adl8 
ad20 
2d22 
ad24 
ad26 
ad28 
ad30 
ad32 
tici34 
ad36 

18040 
20150 
22300 
2'1770 
26800 
28980 
31350 
33830 
35940 

j 38480 
40600 

1070 
1200 
1330 
iAnr\ 

1590 
1720 
1860 
2010 

2140 
2290 
2420 

16240 
16280 
16230 
16030 
16130 
15830 
15750 
15370 
15280 

15160 
14830 

12. 
11. 

21070 17. 
20660 16. 

10. 20290 14. 
n 

19630 12. 
19280 11. 
18820 10. 
18380 9. 
18080 9. 
17390 8. 
17290 8. 

15410 14. 
15180 12. 
15240 11. 

14070 
13530 
13730 
13430 
13600 
13500 
13550 

9. 
9. 
8. 

15410 
15180 
15240 
1 CCTA 

l\J 

15620 
15220 
15070 
14920 
14810 

12. 
11. 
1 ^ 

10. 
9. 
9. 
8. 

14200 7. 

1 / 8 / 0  i  5 .  
17330 14. 
17250 12. 
•5 nr>or\ 1 1 1 ' \JO\J 1 1. 

17050 11. 
16190 10. 
16290 9. 
15760 8. 
15340 8. 
15150 8. 
14660 7. 

12160 12. 
11980 10. 
11930 10. 
^  ^  O/ 'A rv  I lOUV 7. 
11590 8. 
11460 8. 
11510 8. 
11360 7. 
11210 7. 
1 1 A  ̂ A fl 1 IV^VJ O. 

10830 6. 
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APPENDIX C. TABULATED CFC-12 CONDENSATION DATA 
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Table C.l: Refrigerant-side data for the 26-fpi geometry 

inlet outlet middle tube Ts,o 
q Tsat sh sc row 1 row 2 row 3 row 4 row 5 m 

run \V °c °C "C 'C icg/min 

cfl6 16150 35.00 2.50 .18 33.42 33.47 33.00 33.13 33.20 7.23 
cfl8 18110 35.02 3.76 .18 33.26 33.31 32.81 32.94 33.01 8.05 
cf20 20160 34.98 3.26 .20 32.98 33.05 32.57 32.67 32.82 8.99 
cf24 24020 35.04 3.94 .26 32.56 32.62 32.19 32.35 32.48 10.67 
cf30 30850 34.98 3.18 .30 31.59 31.73 31.29 31.56 31.67 13.75 
cf32 32370 34.95 4.26 .29 31.36 31.50 31.08 31.36 31.48 14.34 
cf36 36320 34.96 .93 .36 30.81 30.99 30.44 30.81 30.90 16.06 
cfl6 16020 34.97 2.46 .23 33.41 33.43 32.99 33.11 33.21 7.17 
cflS 18050 35.02 3.77 .22 33.27 33.30 32.78 32.90 33.02 8.02 
cf20 20020 35.00 3.97 .22 33.03 33.08 32.59 32 70 32 82 0 QO 

cf22 22100 35.01 3.81 .29 32.77 32.84 32.33 32.46 32.61 9.81 
cf24 23960 35.09 4.05 .39 32.59 32.65 32.20 32.38 32.49 10.63 
cf26 26030 35.01 3.03 .28 32.23 32.31 31.91 32.09 32.23 11.61 
cf28 28090 35.01 2.99 .38 31.95 32.03 31.62 31.87 31.98 12.53 
cf30 30950 35.05 2.51 .41 31.62 31.74 31.32 31.60 31.71 13.84 
cf32 32160 34.97 3.50 .26 31.44 31.53 31.11 31.41 31.47 14.31 
cf34 34170 34.99 2.49 .38 31.17 31.29 30.83 31.14 31.23 15.28 
cB6 36280 34.96 2.53 .43 30.95 31.09 30.61 30.92 31.01 15.67 

Tabic C.2: Walcr-sidc daia for ihc 26-fpi gcomciry 

0 LViTD '''''•bulk t u6c Re / i ,  

run w "C "C kg/min kg/min W 

cfl6 15980 28.88 30.70 5.20 125.56 5.02 9300 6540 1 
cfl8 17950 28.25 30.24 5.76 129.45 5.18 9470 6660 
ci2G .i/.OO o.uy HH.^5 3./a 1U4VU /Z4U 
cf24 23950 27.29 29.29 6.72 171.77 6.87 12310 8270 
cf30 31080 25.99 28.06 7.92 215.79 8.63 15030 9790 
cG2 32520 25.84 27.86 8.08 230.57 9.22 16000 10310 
cf36 37230 25.01 27.08 8.89 258.81 10.35 17630 11210^ 
cf!6 15980 28.93 30.74 5.13 126.99 5.08 9410 6600 
r f lS  ! sain TS -5A T: < 77 179 7#; < 1 <  n. - i7n 

cf20 20090 27,90 29.92 6.09 142.79 5.71 10370 7180 
c{22 22170 27.58 29.59 6.42 158.12 6.32 11400 7760 
c!24 24090 27.35 29.36 6.72 171.64 6.87 12320 8270 
cf26 26220 26.94 28.95 7.04 187.11 7.48 13310 8820 
cf28 28360 26.57 28.60 7.41 201.07 8.04 14180 9310 
cf30 31230 26.12 28.16 7.89 220.39 8.82 15390 9970 
cf32 32550 25.91 27.93 8.04 230.81 9.23 16040 10320 
cf34 34630 25.54 27.58 8.42 243.99 9.76 16820 10750 

1 cf35 36280 25.26 27.30 8.67 255.05 10.20 17470 i 1110 1 
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Tabic C.3: Row data for the 26-fpi geometry 

row 1 row 2 row 3 row 4 1 row 5 

run 
rT" f f \ 

run •^lL\OUt 'i •' w.out '1 ^ w.out w.out 1 W.out '1 
°C W/m^ °C W/m2 °C W/m2 °C \W/m- °C W/m^ 

cfl6 30.71 17980 30.73 18180 30.54 16310 30.59 16800 30.62 17090 
cfl8 30.25 20260 30.27 20460 30.07 18440 30.12 18940 30.15 19250 
cf20 29.87 22500 29.90 22840 29.71 20690 29.75 21140 29.81 21820 
cf24 29.28 26750 29.30 27020 29.14 24870 29.20 25670 29.25 26340 
cf30 28.00 33940 28.05 34790 27.89 32080 27.99 33770 28.03 34450 
cf32 27.79 35360 27.84 36270 27.69 33560 27.79 35360 27.83 36090 
cG6 27.01 40510 27.07 41720 26.88 37870 27.01 40510 07 r\A /111 1 n L I -r 1 1 iu 
cfl6 30.73 17890 30.74 17980 30.56 16200 30.61 16690 30.65 17090 
cflS 30.25 20250 30.26 20350 30.05 18240 30.10 18740 30.15 19240 
cf20 29.90 22460 29.92 22680 29.73 20560 29.77 21000 29.82 21560 
cf22 29.57 24620 29.60 24990 29.40 22520 29.45 23140 29.51 23880 
cf24 29.33 26590 29.35 26860 29.18 24580 29.25 25520 29.29 26060 
cf26 28.90 28700 28.93 29140 28.78 26940 28.85 27960 28.90 28700 
cf28 28.54 30840 28.57 31310 28.42 28950 28.51 30370 28.55 31000 
cf30 28.09 33970 28.13 34660 27.98 32080 28.08 33800 28.12 34490 
cf32 27.87 35400 27.90 35940 27.75 33230 27.86 35220 27.88 35580 
cf34 27.51 37610 27.55 38380 27.39 35320 27.50 37420 27.53 38000 
cf36 27.23 39320 27.28 40320 27.11 36920 27.22 39120 27.25 39720 

Table C.4: Shell-side heat transfer coefficients and uncertainties for the 26-fpi geometry 

1 1 
1  1 buridlc 1 

1 
1 1  
'  1 IVJ w n 1 

^ 1 rovv 
0 1 
•J 1 row 4  !  ro'w 

C l i  
II 

run 1 1 «o w no IV ho w ho J- ^0 tf i  ho iv  j  

W/ r n 2  w/ni W ' a. \ W ' CJ. W • cr. w • C7  ̂ w — cr. \v c. ! 
, 

W/ r n 2  w/ni 
m2 K m2 K K K K m- K 1  

cfl6 18050 1070 11910 10. 11790 11. 12330 11. 8350 9. 9190 10. 9760 10. 
cfl8 20260 1200 11870 9. 11900 10. 12390 10. 8530 8. 9320 9. 9840 9. 
cf20 22600 1330 11670 8. 11470 9. 12130 9, 8710 8. 9300 8. 10310 9. 

jcf24 26950 1590 11250 6. 10990 8. 11350 8. 8860 7. 9700 7. 10480 8. 
icGO 34790 2050 10860 5. 10130 6. 10830 6. 8770 6. 10000 6. 10550 6. 
Icf32 36460 2150 10810 5. 9950 6. 10630 6. 8750 6. 9950 6 10490 6. 

cf36 41320 2440 10380 4. 9850 5. 10590 6. 8430 5. 9850 5. 10210 5. 
cfl6 1 lAorx 1 r\^r\ i iyc^y j  iuou 

1 r\ * f\ 
iZUlU 

1 r\ 
iU. 11760 11. 12030 11. 8310 9. 9150 10. 9920 10. i 

cflS 20280 1200 izuOu y.  11950 10. 12190 10. 8280 8. 9030 9. 9870 y. 

cf20 22540 1330 11900 8. 11680 9. 12120 9. 8700 8. 9290 8. 10120 8. 
cf22 24870 1470 11590 7. 11200 8. 11790 9. 8510 . 9200 n . 

^ -*r\ 
JlUl JVJ 8. 1 

cf24 Z / u v u  i j y \ j  11380 6. ^ AO A r\ 
A U O t U  8. 1  1 1  V u  8. bolu 7. 9570 7. 10170 7. 

cf26 29350 1730 11210 6. 10460 7. 10940 7. 8770 7. 9710 7. 10460 7  1 
I '  1  

' •  l i  
31720 iS7C 1 lu^u 0.  i U i b U  . 110620 7. 8610 6. 9760 0.  110320 

7  1 
I '  1  

' •  

llcfSO 34930 2060 10810 5. 10010 6. 110560 6. 8660 6. 9880 6. I 10420 6.  \ 

ici'32136350 2150 10870 5. 1 10120 6. j 10530 6. j  8660 6. 1 9990 6. 110260 6. I  

l!cn4 138650 2280 10650 5. 1 9920 6, 1 lO^-iO 6. ! 85^0 5.  9800 6. 110170 6 -  !  

1 1  
11 140770 2410 1  n v n n  

4  1 9870 yj. 1  1  n s r i A  
1  i w j u w  6 .  ! 8530 5. 1 9750 6. I 1  m  on 

1  0 .  1  
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Table C.5: Refrigerant-side data for the 40-fpi geometry 

inlet outlet middle tube T.s.o 1 1 
<? '•^sat sh sc row 1 row 2 row 3 row 4 row 5 ! 771 

run W °C °C °C °C °C °C °C °C 1 kg/min 

cgl6 15990 35.05 2.54 .23 33.75 33.56 33.75 33.70 33.53 7.16 
cgl8 18100 34.98 2.70 .21 33.54 33.34 33.51 33.45 33.26 8.09 
cg20 20240 34.95 4.75 .26 33.31 33.14 33.37 33.25 33.00 8.94 

cg22 22040 35.01 4.36 .27 33.26 33.03 33.29 33.18 32.89 9.76 

cg24 23890 34.98 3.04 .26 33.12 32.83 33.12 32.98 32.63 10.66 

cg26 26130 35.03 3.24 .31 32.97 32.58 32 97 32.82 32.38 11.64 

cg28 28030 35.00 2.30 .29 32.81 32.42 32.81 32.60 32.12 12.56 

cg30 30640 35.05 3.15 .32 32.66 32.14 32.60 32.35 31.77 13.66 

cg32 32230 35.01 3.26 .34 32.52 31.90 32.40 32.12 31.53 14.35 
cg34 34020 34.97 2.96 .41 32.31 31.71 32.18 31.84 31.24 15.17 
cg36 36120 34.99 3.26 .43 32.23 31.53 32.04 31.69 31.03 15.55 

cgl8 18030 34.98 3.47 .23 33.50 33.26 33.42 33.34 33.17 8.02 
cg24 24040 35.00 3.25 .33 32.99 32.70 32.99 32.88 32.53 10.71 
cg30 30740 35.02 2.73 .36 32.58 31.99 32.45 32.2i 31.66 13.73 
cg36 36110 35.02 2.62 .35 32.11 31.44 31.95 31.57 30.90 16.14 1 

Table C.6; Water-side data for the 40-fpi geometry 

9 T bulk.in T bulk.out LMTD "^bulk '''''^iube Re 

w Op On Op 1 , fw /—-> - W w 
m- K 1 

cgl6 15980 28.73 30.56 5.41 125.03 5.00 8410 5220 [ 

eg 18 18120 28.02 30.01 5.97 131.35 5.25 8720 5390 i 

ca20 20320 27.65 29.65 6.32 145.33 5.81 9570 5830 ! 

cg22 22130 27.43 29.46 6.59 157.03 6.28 10290 6190 

cg24 24010 27.24 29.23 6.79 113.lA 6.93 11290 6670 

cg26 26290 26.93 28.94 7.15 187.49 7.50 12150 7090 

cg28 28350 26.61 28.64 7.44 8.06 12960 7480 

cgiu 31010 26.29 28.31 7.84 220.31 8.81 14070 8010 

^^32 25.99 28.02 O O.IKJ ^ r\ A 9.24 14660 8^uu 1 
O 4 cgo^ 34440 25.69 27.71 8.37 245.00 9.80 15440 8670 

cg36 36120 25.43 27.48 8.66 253.40 10.14 15880 8880 

O
 1 

OQ
 1 

O
O

 

18040 27.91 29.91 6.08 129.77 5.19 8590 5340 

cg24 24190 21.01 29.09 6.95 112.03 6.88 11180 6630 
T A 

1 
1 A ^ n ^ i Kj-rKj 26.14 28.17 7.96 219.91 8.80 14000 7990 

I cg36 36720 25.22 27.30 8.88 0^7 <-2 1 n 1 < A 1 ̂  1 w/ 0 —N-/ 8870 
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Tabic C.7: Row data for the 40-fpi geometry 

1 1 row 1 row 2 row 3 row 4 row 5 
! run Tw.out ci" '^w.out '^w.out ^l" '^iv.oui d" '^iv.out r/' 

On W/m^ °C W/m^ 1 Oo W/m2 °C W/m- °c W/m^ 

cgl6 30.55 17800 30.48 17120 30.55 17800 30.53 17610 30.47 170301 
cgl8 30.00 20240 29.93 19520 29.99 20130 29.97 19930 29.90 19210 
cg20 29.64 22500 29.58 21830 29.66 22730 29.62 22280 29.53 21260 
cg22 29.45 24680 29.37 23700 29.46 24800 29.42 24310 29.32 23090 
cg24 29.24 26940 29.14 25600 29.24 26940 29.19 26270 29.07 24650 
cg26 28.95 29470 28.82 27570 28.95 29470 28.90 28740 28.75 26550 
cg28 28.66 31970 28.53 29930 28.66 31970 28.59 30870 28.43 28370 
cg30 28.35 35320 28.18 32400 28.33 34970 28.25 33600 28.06 30340 
cg32 28.08 37570 27.88 33980 28.04 36860 27.95 35240 27.76 31820 
cg34 27.78 39850 27.59 36220 27.74 39080 27.63 36990 27.44 1-3 •s An 

^ ̂ 

cg36 27.56 42000 27.34 37660 27.50 40820 27.39 38650 27.18 34510 
cgl8 29.92 20300 29.83 19390 29.89 19990 29.86 19690 29.80 19080 
cg24 29.09 26900 28.99 25570 29.09 26900 29.05 26370 28.93 24760 
cg30 28.22 35590 28.03 32340 28.18 34910 28.10 33540 27.92 30460 
cg36 27.38 42430 21.u 38290 27.33 41450 27.21 39080 27.00 34930 

Table C.8: Shell-side heat transfer coefficients and uncertainties for the 40-fpi geometry 

1 
bundle row 1 row 2 row 3 i row 4 row 5 

run ho w ho w ho w ho u; ho U' ho -

0 
W/IIl- V/m 

\\r \ 1 
It % 

\\r 
± % 

\\r • 1 AT r 1 
C7„ 1 

f T* 
II 

-L C7^ 1 

1 

0 
W/IIl- V/m 

m2 K 

\ 1 
It % 

m- K 
± % 

m^' K m2 K m- K m- K 

cgI6! 17860 1060 14540 12. 14230 14. 11840 12. 14230 14. i 13470 13. 11550 12 ! 
cgl8!20230 1200 14630 11. 14580 13. 12310 11. 14220 n 1 13540 1 1 C 1 A 1 1^ lU 11 11. 
cg20 22660 1340 14530 10. 14090 11. 12340 10. 14770 12. 13470 11. l i n o  10. 
cg22 24670 1460 14540 9. 14510 11. 12260 10. 14840 11. 13600 10. 11100 9. 
cg24 26760 1590 14430 8. 14840 10. 12120 9. 14840 10. 13370 10. 10630 8. 
cg26 29290 1740 14260 8. 14610 10. 11440 8. 14610 10. 13250 9. 10130 8. 
cg28 31500 1870 14090 7. 14900 9. 11770 8. 14900 9. 13090 8. 9960 7. 
cg30 34440 2040 13760 6. 15030 9. 11250 7. 14500 8. 12630 8. 9330 7. 
cg32 36240 2150 13570 6. 15380 8. 11060 7. 14350 8. 12360 7. 9230 6. 
cg34 38240 2270 13290 6. 15220 S .  1 L 7. 14240 8. 1 1 r\cr\ k 17JKJ VwZu O. 1 
cg36 40350 2390 13510 6. 1. J-T-TV/ 8. 11000 7. 1 1 /I rM I t u x u  7. 1 n O A 1 iO-tU 7. 8760 ^ 1 

0. 1 
cgl8 20150 1200 13730 10. 14210 12. 11530 11. 13210 12. 12330 11. 10800 10. 
cg24 26940 1600 13770 8. 13730 10. 11330 9. 13730 10. 12690 9. 1 m 7A 8. 
cg30 34520 2050 13320 6. 14820 8. 1 nqnn 7. 13820 8. 1 OAQA 1 Zuov 8. Al y ou 

' •  I 
lcg36 40690 2410 12880 5. 14750 7. 10780 6. 13650 7. 11420 6. 8530 6. ! 
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Table C.9; Refrigerant-side data for the Tu-Cii geometry 

1 
inlet outlet middle tube T,s,o 

1 
1 9 '^sai sh sc row 1 row 2 row 3 row 4 row 5 in 

run W °C °C °C °C °C °C °C °C kg/min 

ccl6 16050 34.98 3.36 .18 34.47 34.37 34.23 34.12 34.16 7.15 
ccl8 18130 34.99 2.82 .21 34.38 34.31 34.17 34.03 34.05 8.10 
cc20 20030 35.01 3.53 .22 34.35 34.25 34.13 33.96 34.01 8.91 

cc22 22220 35.02 4.04 .26 34.28 34.18 34.06 33.86 33.91 9.86 

cc24 24040 34.94 3.85 .31 34.12 34.04 33.89 33.67 33.72 10.67 

cc26 26210 34.95 4.51 .31 34.04 33.99 33.82 33.56 33.64 11.59 

cc28 28230 34.94 4.08 O  4 33.89 33.87 33.69 33.41 33.51 12.51 

cc30 30150 34.92 3.85 .40 33.70 33.67 33.54 33.21 33.31 13.37 

cc32 32140 35.01 3.17 .36 33.69 33.69 33.56 33.19 33.29 14.32 
cc34 34120 35.00 2.38 .40 33.56 33.53 33.40 33.00 33.08 15.26 
^ < 

J J O O U  
^ c r\^ ^ rs c .43 33.48 33.46 33.32 32.87 32.89 16.07 

cclS 18110 34.92 2.27 .24 34.34 34.27 34.15 34.01 34.03 8.12 

cc24 24140 34.95 3.45 .30 34.14 34.10 33.97 33.75 33.77 10.74 

cc30 30570 34.96 3.66 .32 33.80 33.75 33.67 33.31 33.42 13.59 

cc36 36180 35.03 2.16 .36 33.51 33.51 33.41 32.92 32.95 16.21 

Table C.IO: Water-side data for the Tu-Cii geometry 

Q "^bulkjn '^bulk.out ^MID ''^hulk ^''^tube 

run W °C °C °C kg;/min ks/min W 
V 1 

1 

ccl6 15780 30.02 31.83 4.02 125.30 5.01 8830 6480 1 
ccl 8 17910 29.49 31.48 ^ dn 129.06 5.16 KJ\J\J\J j 

cc20 19780 29.39 31.37 4.60 143.93 5.76 10030 7200 j 
o  1  n n A  -L Lyy \ j  

<  
i O  31.16 4.83 157.94 6.32 10950 7740 

cc24 23690 28.94 30.92 4.98 172.10 6.88 11880 8270 

cc26 25810 28.76 30.74 5.17 187.32 7.49 12880 8830 1 

cc28 27940 28.56 30.55 5.36 201.52 8.06 13790 9340 
cc3Q 29930 28.31 nr\ -2 1  UKJ 1 c  cr \  

u  , \ j \ j  
1  r  An O •» A 

I / \J 
rv /->/-» /% 
^ ^ 

cc32 31780 28.27 30.25 5.74 230.14 9.21 15650 10360 

cc34 34130 27.99 30.00 6.01 244,83 9 79 1 i. 10860 
cc36 36030 27.86 29.87 6.19 257.91 10.32 17390 11300 

ccl 8 17870 29.43 0 i . 4 i  4.46 129.62 5.18 9040 6620 

cc24 23860 28.94 30.93 5.00 1 ̂  t —7 r \  
L  / i.7u 6.87 11850 8250 

cc30 30410 28.33 30.36 5.61 215.68 8.63 14700 9840 

cc36 36220 27.85 29.88 6.20 256.69 10.27 17310 11260 
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Table C.ll: Row data for !hc Tu-Cii geometry 

t ( 1UV> 1 1 1 row 2 row 3 1 row 4 row 5 
run '^w.out '^w.out '^lL\OUt ri" i ^lL\OUt 9" '^lL\OUt 

°C W/m2 °C W/m^ 0/- W/m^ 1 0 W/m2 °c W/m^ 

ccl6 31.91 18430 31.87 18040 31.81 17450 31.76 16960 31.78 17160 
ccl8 31.55 20690 31.52 20380 31.46 19780 31.40 19180 31.41 19280 
cc20 31.44 22960 31.40 22510 31.35 21950 31.28 21170 31.30 21390 
cc22 31.24 25560 31.20 25070 31.15 24460 31.07 23470 31.09 23720 
cc24 31.01 27720 30.98 27320 30.92 26510 30.83 25310 30.85 25580 
cc26 30.84 30320 30.82 juuZu 30.75 Zy\j\j\j 30.65 27550 30.68 27980 
cc28 30.63 32460 30.62 32300 30.55 31200 30.44 29480 30.48 30110 
cc30 30.38 34540 30.37 34370 30.32 33530 30.19 31350 30.23 32020 
cc32 30.32 36710 30.32 36710 30.27 35810 30.13 33310 30.17 34020 
cc34 30.07 39620 30.06 39430 30.01 38480 29.86 35620 29.89 
cc36 29.94 41740 29.93 41540 29.88 40540 29.71 37130 29.72 37330 
col 8 31.49 20880 31.46 20570 31.41 20070 31.35 19460 31.36 19560 
cc24 31.01 27920 30.99 27650 30.94 26990 30.85 25780 30.86 25920 
cc30 30.42 35240 30.40 34910 30.37 34400 30.23 32050 30.27 32720 
cc36 29.94 41940 29.94 41940 29.90 41140 29.72 37550 29.73 37750 

lable C.12: Shell-side heat transfer coefficients and uncertxiinties for the Tu-Cii geometry 

bundle row 1 row 2 row ^ row 4 rov/ 5 

run 'l" l>o w ho IV ho XV ho w ho w ho w 

1 1 yt r K 
* v / H i  

w . ^ w w .. \\r T 67 
r  

T *  
I I  

~ "G ' 

i 1 
* v / H i  

m- K m2 K K m2 K m2 K 
1L 

n?K 

ccl6i 17780 1060 28930 22. 141280 34. 33200 28. 25350 23. 20960 19. 22550 20. i 

IcclS 20130 1190 29590 20. 38490 29. 33380 26. 26140 21. 21250 18. 21950 18. 
cc20 22240 1320 29540 18. 38880 27. 32640 23. 26980 20. 21450 16. 22820 17. ! 
cc22 24700 1470 28890 16. 37980 24. 32400 21. 27190 18. 21330 15. 22580 15. 
cc24 26670 1580 27700 15. 36660 21. 32800 19. 26890 17. 20820 14. 21960 14. 
cc26 29070 1720 27110 13. 35990 19. 33580 18. 26970 15. 20650 13. 22270 13. 
cc28 31380 1860 26710 12. 32830 17. 31820 16. 26030 14. 19830 12. 21790 12. 
cc30 33560 1990 25150 11. 29520 14. 28730 14. 25230 13. 18730 10. 20430 11. 
cc32 35710 2120 24930 iO. 28780 13. 28780 13. 125410 12. 18660 10. 20280 11. 
cc34 38130 2260 23880 9. 28540 13. 27860 12. 124810 1  1  

i  I. 
1  Q O » ' ^ A  9. 19290 1  r\ 

i U .  

cc36 40160 2380 23540 9. 27920 1 2 .  27290 1 2 .  1 24430 1  1  
1 1 .  1748C 9. 1  nQr\r\ 

L /bvJu r »  1  
1  

ccl8 20100 1190 28800 20. 140690 30. 35090 27. j 28340 22. 122780 19. 23570 19. 
cc24 26810 1590 28440 15. 37660 22. 34900 20. 129330 18. 122430 14 23060 1 ^ 

1  

cc30 34070 2020 26780 1 1 .  !32140 15. 30360 15. 1 noon 
1  ~  /  X  >  o  

1  A 
i - T .  !20030 1 1  

X  1 .  21900 ^ 0  
1  1  

|cc36 40450 2400 24340 9. 128550 12. 28550 12. 126060 11. ! 18130 9. 18470 9. ! 
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Table C.13; Refrigerant-side data for the G-SC geometry 

inlet outlet middie tube Ts.o i j 
^ . 
"•sal sn sc row 1 row 2 row 3 row 4 rov/ 5 m 

run W °C °C °C °C °C °C °C °C kg/min 

cdl8 18030 34.96 3.38 .19 33.63 / 33.52 33.05 8.03 
cd24 24200 34.95 2.95 .26 33.13 32.79 32.91 32.99 32.41 10.80 
cd30 30300 34.96 3.08 .26 32.56 32.16 32.27 32.36 31.66 13.42 
cd36 36150 35.03 3.40 .38 32.04 31.62 31.71 31.77 30.96 16.08 

cdl6 16090 35.00 4.74 .20 33.87 33.61 33.64 33.74 33.36 7.12 
cdl8 18020 35.04 3.50 .17 33.75 33.47 33.49 33.62 33.18 8.03 

cd20 19980 34.99 3.30 .21 33.53 33.22 33.30 33.40 32.90 8.90 
cd22 22080 35.00 4.59 .26 33.33 33.03 33.11 33.22 32.68 9.77 
cd24 24120 35.01 2.93 .28 33.20 32.87 32.98 33.06 32.48 10.77 
cd26 26060 34.94 3.10 .26 32.97 32.60 32.69 32.80 32.15 11.62 

CGZS 28180 34.98 3.57 .27 32.79 32.45 32.56 32.65 31.96 12.54 
cd30 30400 35.00 2.26 .28 32.61 32.27 32.35 32.44 31.72 13.62 

cd32 32080 35.00 2.96 .25 32.40 32.05 32.16 32.19 31.49 14.32 
cd34 34080 35.02 2.78 .30 32.19 31.81 31.93 31.99 31.18 15.22 

[ cd36 36140 35.02 3.19 .39 31.98 31.57 31.72 31.75 30.94 16.10 1 

Table C.14: Water-side data for the G-SC geometry 

</• hmlk.in '^bulk.out LMID ^^bulk ^^Hube Re 1! 1 
run W 0 0 ry 0/^ 

^ ^ ke/min kg./min w 
1 iVi~ rv _ii 

cdl8 17980 28.16 30.15 5.82 129.37 5.17 9600 6370 11 
cd24 27.24 29.27 A 

^ 172.19 6.89 12530 •nr\ *r\ li 

cd30 30500 26.38 28.41 7.64 216.27 8.65 15440 9440 
cd36 36670 25.46 27.53 8.64 253.83 10.15 17750 10630 11 
cdl6 15960 28.83 30.66 5.28 125.10 5.00 9410 6240 i 
cdl8 17910 28.26 30.25 5.81 129.40 5.18 9630 6380 1 

1 cd20 19890 27.92 29.91 6.10 142.95 5.72 10550 6890 
1 „ o 1 nrvn i y7\J ^ 

r\ y / rN C.'^ i i D / .0 / O.J 1 1 1 c o / \ i 1 J / U 7430 

cd24 24070 27.36 29.36 6.69 172.85 6.91 12610 7970 

cd26 26070 27.01 29.01 6.99 187.45 7.50 13570 8470 

cd28 28130 26.74 28.74 7.30 201.74 8.07 14510 8960 

cd30 j'J37U 26.39 28.43 7.67 215.23 8.61 15370 9410 

j cd32 32430 26.20 28.21 7.88 231.78 9.27 16470 9960 1 
1 cd34 34420 25.88 27.90 8.22 244 69 9.79 A i \J 

1 
i KJ j 

cd36 36540 25.40 27.48 8.67 252.27 10.09 17620 10570 ! 
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Table C. 15: Row data for the G-SC geometry 

row i row 2 row row 4 row 5 
j run "^w.out '^iv.out ci" ry" ^ w.out ci" '^iv.out r/' 

! 
0 /-I v>. W/m^ °C W/m^ °C VV/m^ °C W/m^ °C W/m-

cdl8 30.24 20890 30.13 197801 30.14 19880 30.20 20480 30.02 18680 
cd24 29.35 28330 29.23 26730 29.27 27260 29.30 27660 29.09 24860 
cd30 28.50 35590 28.36 33240 28.40 33910 28.43 34410 28.19 30380 
cd36 27.63 42950 27.49 40190 27.52 -^0780 27.54 41180 27.27 35860 
cdl6 30.75 18930 30.65 17960 30.66 18060 30.70 18450 30.55 16990 
cdi8 30.34 21090 30.23 19990 30.24 20090 30.29 20590 30.12 18880 
cd20 30.01 23300 29.89 21970 29.92 22300 29.96 22740 29.77 20640 
cd22 29.71 25580 29.60 24230 29.63 24600 29.67 25090 29.47 22640 
cd24 29.46 28170 29.34 26560 29.38 27100 29.41 27500 29.20 24690 

29.11 30700 28.98 28810 29.01 29240 29.05 29830 28.82 26480 
cd28 28.84 33040 28.72 31160 28.76 31790 28.79 32260 28.55 28500 
cd30 28.52 35750 28.40 33750 28.43 34250 28.46 34750 28.21 30570 
cd32 28.29 37780 28.17 35620 28.21 36340 28.22 36520 27.98 32200 
cd34 27.99 40070 27.86 37610 27.90 38370 27.92 38750 27.65 33620 
cd36 27.58 42690 27.44 39950 27.49 40930 27.50 41120 27.23 35830 

Table C.16: Shcll-sidc heat transfer coefficients and uncertainties for the G-SC geon:ietry 

bundle row 1 row 2 row 3 row row 5 1 

run l" ho U! ho w ho IV ho li.' IV ho W 1 
1  1 1 O  

VY/m." \v/m 
\\r 

± % 
\\T 

± % 
y\r r  w r 1 1  

- I -  I I  

i 1 

O  

VY/m." \v/m 
m2 K 

± % 
K 

± % 
K K 

icdlSl 20070 1190 13500 10. 16530 14. 12700 11. 12990 11. ! 14950 13. 10090 10. i! 
icd24 27030 1610 13330 8. 16040 10. 12700 9 13690 0 • • 14510 10. 9950 8. 
lcd30 33880 2020 12840 6. 15170 8. 12060 7. 12850 8. 13490 8. 9330 6. 1 
lcd36 40580 2410 12330 5. 14610 n 11940 6. 12450 7. 12810 7. 8890 6. i 
cdl6 17860 1060 13390 11. 17770 16. 13500 13. 13850 13. 15400 14. 10650 11. 1 

IcdlS 20020 1190 13470 10. 17290 14. 13200 11. 13510 12. 15210 13. 10450 10. 
|cd20 22220 1320 13420 9. 16720 13. 12770 10. 13610 11. 14870 12. 10090 9. 
lcd22 24560 1460 13370 8. 15890 11. 12660 10. 13430 10. 14580 10. 9960 8. 
cd24 26850 1600 13180 7. 16020 10. 12670 9. 13660 9. 14480 10. 9910 8. 1 
cd26 29050 7  A  

i  /  13050 n 16030 1  A  
I V J .  12600 8. 13290 r\ V. 14290 9. 9650 

'• ! 

cd28 31380 1870 12870 6. 15450 9. 12540 8. !  1  r «  
1  J - t  i U  8. A y^r\ 8. 9570 - 1 

' •  

cd30 33980 2020 12880 6. 15280 8. 12530 7. 13150 8. 13810 8. 9410 6. 
cd32 35950 2140 12660 6. 14800 8. A  7. n o o n  

*  7. 1  l O ' i n  7. 9270 < 

! cd34 38170 2270 12410 s  1  
i - T - T  J U  

n 1  1  Qnr\ 
1  i  i  O  /  V  7. 12580 / . 12960 - 7  8840 6. 

1 cd36 40500 2410 12210 5. 14310 7. 11720 6. 12570 7. 12740 7. 8850 6. 1 
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APPENDIX D. TABULATED KCFC-i23 CONDENSATION DATA. 
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Table D. 1: Refrigerant-side data for the 26-fpi geometry 

inlet outlet middle tube Ts.o 
1 

(I ^ sat sh sc row 1 row 2 row 3 row 4 row 5 fn 

run W °C °C °C °C °C °C °C °C kg/min 

bfl6 16080 35.02 3.43 .03 33.68 33.68 33.28 33.41 33.50 5.68 
bfl8 18060 35.03 4.14 .06 33.43 33.48 33.03 33.18 33.33 6.36 
bf20 20250 35.06 5.03 .09 33.21 33.28 32.88 32.98 33.18 7.10 
bf22 22070 35.05 4.07 .09 33.00 33.00 32.64 32.74 32.97 7.77 
bf24 24160 35.07 5.81 .08 32.86 32.84 32.50 32.60 32.84 8.44 

bf26 26150 35.04 4.65 .03 32.53 32.55 32.23 32.37 32.61 9.19 
bf28 28360 35.02 5.73 .14 32.22 32.24 31.95 32.14 32.33 9.91 
bf30 30450 34.97 6.31 .13 31.97 32.03 31.67 31.86 32.06 10.62 
bf32 32370 35.00 7.04 .11 31.80 31.85 31.46 31.68 31.82 11.25 
bf34 34070 34.99 7.58 .19 31.49 31.66 31.26 31.49 31.60 11.81 
bf36 36170 35.01 8.03 .16 31.33 31.47 31.02 31.27 31.42 12.52 

bfl8 18180 34.91 5.32 -.09 33.37 33.39 32.95 33.07 33.22 6.37 

bf24 24240 35.09 4.75 .05 32.77 32.74 32.40 32.53 32.82 8.51 
bf30 30280 35.01 5.98 .20 31.94 32.02 31.66 31.91 32.07 10.57 
bf36 36010 35.04 8.60 .24 31.24 31.41 30.99 31.24 31.39 12.43 

Table D.2: Water-side data for the 26-fpi geometry 

<7 bulk.in 7^' bulk,out LMTD "^•bulk ^lube Re 

ran 
1 

W °c °C Oo kg/min kg/min W 
/ Tr II 

111"' IV (t 

bfl6 15840 29.17 30.99 4.92 125.22 5.01 9330 6540 1 
bflS 17840 28.55 30.52 / 130.28 5.21 y^yv /''-T1 r\ O/ iU 
bf20 20070 28.20 30.20 5.83 144.58 5.78 10570 7270 
DtZi 21930 27.88 29.88 6.14 157.86 6.31 11460 7780 

bf24 24040 21.M- 29.63 6.39 173.64 6.95 12540 8370 1 
bf26 26110 21.1% 29.28 6.72 187.21 7.49 13410 8860 
bf28 28320 26.89 28.91 7.09 201.02 8.04 14280 9340 
uron UiJ?U '^r\r'rr\ JVJJV 26.50 28.54 7.42 / W.'^i 8.62 i D1 / u 9830 
bf32 32450 26.28 28.29 7.69 231.19 9.25 16200 10380 

bf34 34290 25.99 28.01 7.97 243.70 9.75 Loy /v r\^r\r\ lU/^U 
bf36 36460 25.61 27.68 8.35 252.95 10.12 17470 11080 

bfi8 17950 28.41 30.40 5.49 129.63 5.19 9520 6680 
bf24 24110 27.56 29.57 6.49 172.24 6.89 12420 8310 
bf30 30350 26.53 28.56 n A A 

, .~T—f 91 c nc M .L •'s> 9 <;A 1 c 1 
A w* A \J\J 

OQOA 1 
bf36 36140 25.51 27.61 8.46 247.63 9.91 17070 10880 ! 
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Tabic D.3: Row data for the 26-fpi geometry 

1 row 1 1 row 2 row 3 row 4 row 0 11 

run '^w.out '^w.out '^w.out '^w.out a" • 1 "^w.out 1 
°C W/m^ Or> W/m2 °C W/m^ 0 /-« W/m^ °C W/rn^j 

bfl6 30.99 17830 30.99 17830 30.83 16260 30.88 16750 30.92 17150 

bfl8 30.50 19880 30.52 20080 30.34 18250 30.40 18860 30.46 19470 

bf20 30.16 22170 30.19 22510 30.03 20700 30.07 21160 30.15 22060 

bf22 29.85 24330 29.85 24330 29.71 22600 29.75 23100 29.84 24210 

bf24 29.62 26770 29.61 26630 29.48 24860 29.52 25410 29.61 26630 

bf26 29.23 28570 29.24 28710 29.12 26950 29.17 27690 29.26 29000 

bf28 28.84 30670 28.85 30830 28.74 29100 28.81 30200 28.88 31300 

bf30 28.48 33210 28.50 33540 28.37 31350 28.44 32530 28.51 33710 

bn2 28,24 35460 28.26 35820 28.12 33290 28.20 34730 28.25 35640 

br34 27.92 36ROO 27.98 37950 27.84 35280 27.92 36800 27.96 3757Q 

bf36 27.60 39390 27.65 40380 27.49 37210 27.58 39000 27.63 39980 

bfl8 30.39 20080 30.40 20180 30.22 18360 30.27 18870 30.33 19470 

bf24 29.53 26550 29.52 26420 29.39 24660 29.44 25340 29.55 26820 

bRO 28.48 32820 28.51 33320 28.38 31130 28.47 32650 28.53 33660 

bG6 27.51 38760 27.57 39920 27.42 37010 27.51 38760 27.56 39730 

Tabic D.4: Shell-side heat transfer coefficients and uncertainties for the 26-fpi geometry 

run 

bundle row 

/io 

w 

1 
w 

row 2 

ho w 

row 3 

ho w 
row 4 

ho uj 
row 3 

ho if 

VY/lIl - W/IIl  n: Vc 
K 

% 
m2 K ± % 1 

1 K 
± % 

m- K 
± % 

m2 K 
i % j 

ii 
bfl6 17940 1060 14090 IfS 13780 

12870 
17 13780 17 9580 

9350 
13 10660 

10480 
14. 11660 15. !! 

bfl8 20170 1190 13660 14. 
13780 
12870 15. 13440 15. 

9580 
9350 12. 

10660 
10480 13. 11890 14 

bf20 22650 1340 13350 13. 12280 13. 13030 13. 9660 11. 10380 11. 12050 13. 
bf22 24720 1460 12860 11. 12140 12. 12140 12. 9530 10. 10190 10. 11920 12. 
bf24 27080 1600 12850 10. 12400 11. 12190 11. 9820 10. 10470 10. 12190 11. 

|bf26 29360 1730 12590 9. 11530 10. 11710 10. 9710 9. 10480 9. 12100 10. 
bf28 31840 1880 12430 9. 11100 9. 11270 9. 9570 8. 10610 9. 11800 9. 
bGO 34270 2020 12270 8. 11200 8. 11530 9. 9580 8. 10580 8. 11700 9. 1 
bGl 36420 2150 12070 7. 11200 8. 11520 8. 9490 7. 10590 8. 11360 8. 1 
bf34 38400 2270 11900 7_ 10610 7. 11510 8. 9540 n . 10610 n 

. 
•y 1 oArv 
1 iZvju 8. 

bG6 40800 2410 11860 7. 10790 7. 11520 -7  9380 n . 1 rvc •» n  
IWJ iU 

n 1 1 
i  iZZu 

n 1 
'• !  

bfl8 20300 1200 14050 15. 13450 15. 13750 16. 9530 12. 10490 13. 11830 1" ' 
1 

bf24 27160 1600 12570 10. 11650 10. 11450 10. 9290 9 10050 1 n  12050 11. ' 
bGO 34060 2010 12030 8. 10790 8. 11270 8. 9380 0 0.  

in</irv 
luvr-ru 8. 1 1 crsrs 

1 1  iOuxJ 9. 
|lbB6 40530 2390 11590 7. 10290 7. 11110 7. 9200 7. 10290 7. !10970 1 
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Table D.5: Refrigerant-side data for the 40-fpi geometry 

inlet outlet middle tube Ts^o 1 
q '^sat sh sc row 1 row 2 row 3 row 4 row 5 m 

run w °C °C °C °C °C °C °C °C kg/min | 

bglS 18130 34.99 3.50 .08 33.76 33.51 33.70 33.59 33.48 6.40 

bg24 24090 34.96 4.55 .19 33.23 32.88 33.23 33.08 32.85 8.46 

bg30 30160 35.01 6.34 .18 32.79 32.33 32.73 32.52 32.15 10.51 

bg36 35970 35.02 9.88 .22 32.36 31.76 32.13 31.85 31.47 12.35 

bgl6 16110 34.93 4.24 .02 33.82 33.63 33.77 33.66 33.58 5.67 

bgl8 18080 34.97 2.94 .07 33.77 33.52 33.74 33.60 33.46 6.39 
bg20 20130 34.96 5.68 .14 33.59 33.36 33.56 33.42 33.25 7.03 
bg22 22150 34.95 5.30 .06 33.38 33.15 33.44 33.27 33.10 7.76 
bg24 24170 34.97 5.94 .12 33.32 33.00 33.32 33.15 32.88 8.44 
bg26 26160 35.02 6.11 .15 33.21 32.82 33.18 33.00 32.70 9.13 

bg28 28160 35.00 5.24 .09 32.98 32.59 32.95 32.80 32.44 9.86 

bg30 30250 35.03 6.32 .06 32.86 32.41 32.80 32.59 32.23 10.55 

bg32 32330 35.00 7.72 .17 32.70 32.17 32.54 32.30 31.92 11.20 

bg34 34220 34.96 7.49 .28 32.49 31.90 32.28 32.02 31.68 11.86 

bg36 36170 34.99 8.68 .26 32.35 31.71 32.12 31.84 31.43 12.47 

Table D.6; Water-side data for the 40-fpi geometry 

^ '^bulkSn "^bulk.out LMTD ^''^tube 

W °C °C °C kg./min kg/min 
I I K ii 

bgl8 17940 28.21 30.20 5.78 129.36 5.17 8620 5340 

23990 27.36 o 
^y.oo 6.63 1 

1 /z.zu 6.89 
•* y r\ 
i  iZDU 6650 

bg30 30170 26.52 28.53 7.54 215.76 8.63 13850 7900 
bg36 36110 25.54 27.60 8.51 251.29 10.05 15790 8840 

b2l6 15890 28.82 30.63 5.19 125.75 5.03 8480 5250 

bgl8 17860 28.25 30.22 5.74 130.31 5.21 8690 5370 

1 bg20 i .  - /  27.90 29.90 6.06 143.22 5.73 9480 5770 

j Dgzz 21980 27.67 29.66 158.38 6.34 ^ A ^ 6240 
1 haOd • 24010 27.43 29.43 6.58 172.93 6.92 1 1 TQA 

i  i  J) Jw 6680 

bg26 25980 Till 29.20 6.84 187.90 7.52 12250 1 ilV 

bg28 28030 26.89 28.89 7.16 201.62 8.06 13050 7510 

bg30 30190 26.57 28.58 7.50 214.76 8.59 13800 7880 

bg32 32360 26.24 28.25 7.82 231.26 9.25 14750 8330 1 
1 K^- j /1  T/iQrin 25.89 27.91 8.12 ^ A A r\ nn 

y. / / 15460 8670 

i bs36 36310 25.52 27.58 8.51 253.00 10.12 15890 8880 
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Table D.7: Row data for the 40-fpi geometry 

1 i 

run 

1 lOVV 1 

T' 

°C W/m^ 

row 2 
T ^ w.out ^ 

°C W/m2 

row 3 
T /•/' 

°C W/m2 

row 4-

°C W/m2 

row 5 j 
. // 1 

^W.out •? 1 
°C W/m2 1 

bgl8 

bg24 

bgSO 

bg36 

30.21 20130 

29.36 26800 

28.56 34250 

27.68 41850 

30.12 19230 

29.24 25190 

28.41 31730 

27.49 38130 

30.19 19930 

29.36 26800 

28.54 33910 

27.61 40480 

30.15 19530 

29.31 26130 

28.47 32740 

27.52 38720 

30.11 19120 

29.23 25060 

28.35 30720 

27.40 36370 

bgl6 

bgl8 

bg20 

bg22 

bg24 

bg26 

bg28 

bgSO 

bg32 

bg34 

bg36 

30.64 17810 

30.23 20180 

29.91 22400 

29.65 24400 

29.43 27050 

29.22 29390 

28.90 31530 

28.62 34260 

28.31 37250 

27.98 39730 

27.66 42130 

30.57 17120 

30.14 19260 

29.83 21510 

29.57 23410 

29.32 25570 

29.09 27490 

28.77 29490 

28.47 31750 

28.14 34190 

27.79 36120 

27.46 38190 

30.62 17610 

30.22 20080 

29.90 22290 

29.67 24650 

29.43 27050 

29.21 29240 

28.89 31380 

28.60 33920 

28.26 36350 

27.91 38400 

27.59 40750 

30.58 17220 

30.17 19570 

29.85 21730 

29.61 23910 

29.37 26240 

29.15 28360 

28.84 30590 

28.53 32750 

28.18 34910 

27.83 36880 

27.50 38980 

30.55 16930 

30.12 19060 

29.79 21060 

29.55 23170 

29.28 25030 

29.05 26900 

28.72 28710 

28.41 30750 

28.06 32750 

27.72 34790 

27.37 36420 

Table D.8: Shell-side heat transfer coefficients and uncertainties for the 40-fpi geometry 

bundle row 1 row 2 row 3 row 4 row 5 

run ri" q' I'o li; ho W ho w ho w ho w ho w 
I 1 1 w . 1 w' . ^ vV , ^ 1 w . w . W . r" W 

m2 K K m- K 
•II JV 

m^K lA m- K m- K 

bglB 20150 1200 17110 18. 17110 20. 13450 16. 16160 19. 14510 17. 13120 16. 
bg24 26860 1590 16010 13. 15880 14. 12330 12. 15880 14. 14230 13. 12090 12. 

1 bgSO 33700 2000 14810 10. 15730 11. 12010 10. 15150 11. 13330 10. 10870 9. 
bg36 40270 2390 13980 8. 15960 10. 11810 8. 14220 9. 12360 8. 10340 8. 
bgl6 17880 1060 17170 20. 16930 22. 13730 18. 15900 21. 14130 19. 12990 18. 
bglS 20080 1190 17130 18. 17570 20. 13740 17. 17060 20. 14850 18. 13070 16. 
bg20 22390 1330 16920 16. 17040 18. 13930 15. 16590 17. 14620 16. 12700 14. 
bg22 24650 1460 16860 15. 16090 16. 13380 14. 16910 16. 14640 15. 12820 13. 
bg24 26920 1600 16620 13. 16900 15. 13270 13. 16900 15. 14750 14. 12240 LZ. 
bg26 29130 1730 16030 12. 16670 14. 12760 11. 16310 13. 14370 12. 11830 11 

bg28 31390 1860 15620 11. 15910 12. 12400 11. 15590 12. 14130 11. 11340 10. 
bg30 33760 2000 15240 10. 16170 12. 12290 10. 15560 11. 13660 10. 11110 9. 
bg32 36140 2140 14710 9. 16460 11. 12230 9. 15020 10. 13070 10. 10750 9. 
bg34 38280 2270 14380 8. 16400 11. ! 11940 9. 14520 10. 12720 9. ! 10710 8. 

!bg36140490 2400 14110 8. 16180 10. ! 11770 8. 14410 9. 112510 8. 1 10310 8. 1 
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Table D.9; Refrigerant-side data for the Tu-Cii geometry 

inlet outlet middle tube Tg,o 1 
g ^ sat sh sc row 1 row 2 row 3 row 4 row 5 m j 

run w °C °C °C °C °C °C °C °C kg/min 

be 18 18170 34.97 3.98 .15 34.09 34.21 33.95 33.86 33.83 6.39 
bc24 24230 35.08 4.91 .29 33.91 34.06 33.76 33.58 33.56 8.49 
bc30 30180 35.04 6.80 .37 33.57 33.67 33.44 33.21 33.10 10.48 
bc36 36190 35.06 8.99 .53 33.16 33.24 33.00 32.65 32.49 12.45 

bcl6 16110 34.92 3.52 .08 34.20 34.34 34.10 34.01 33.96 5.68 
be 18 18120 34.98 3.83 .10 34.16 34.33 34.09 34.00 33.93 6.38 

bc20 20250 34.95 4.00 .14 34.04 34.19 33.95 33.83 33.75 7.13 
bc22 22240 34.95 4.12 .17 33.93 34.08 33.86 33.69 33.66 7.82 
bc24 24220 35.08 4.95 .23 33.98 34.13 33.85 33.68 33.63 8.49 
bc26 26120 35.06 4.14 .26 33.84 33.99 33.74 33.53 33.48 9.18 
bc28 28310 35.06 5.49 .31 33.70 33.83 33.57 33.37 33.29 9.89 
bc30 30440 34.98 6.80 .36 33.49 33.64 33.38 33.13 33.02 10.58 
bc32 32490 35.02 7.50 .45 33.36 33.46 33.23 32.94 32.83 11.25 
bc34 34430 34.98 6.74 .50 33.20 33.28 33.06 32.74 32.58 11.95 
bc36 36280 35.05 8.07 .53 d:>AO 33.21 32.97 32.62 32.44 12.53 

Table D. 10: Water-side data for the Tu-Cii geometr>' 

9 ^^bulkdn "^bulk.out LMTD "^buik ^tube Re 

run W °C °C OQ l^a/min "cv Ira/mi n W 
T II 

m- rs. 11 

bcl8 17900 29.39 31.38 4.59 129.05 5.16 8990 6600 
/. 238 /O 28.91 o r\ 1 

DKJ.y i  5.19 170.84 6.83 11780 8220 
bc30 29900 28.37 30.35 5.72 216.80 8.67 14780 9890 
bc36 35900 27.60 29.62 6.52 254.56 10.18 17070 11160 

bcl6 15630 29.98 31.77 4.04 125.24 5.01 8820 6470 
bcl8 17790 29.53 31.50 4.47 129.69 5.19 9060 6630 

19950 29.29 31.27 4.68 145.24 5.81 1 A1 f \ r \  iUiUU 7240 

bc22 21880 29.VJS '31.1)7 4.88 157.87 6.31 
r\ 

7730 j 
bc24 23850 90 nn QQ in 172.81 6.91 1 1 Q/1A Qonn 1 

OOVKJ 1 
bc26 25780 28.81 30.79 5.28 186.80 lAl 12850 8820 
bc28 27770 28.57 30.55 5.53 201.53 8.06 13800 9350 1 
bc30 30050 28.21 30.21 5.80 214.92 8.60 14600 9800 i 
bc32 32140 28.02 30.02 6.04 231.30 9.25 15650 10380 

j —' • 33980 oy *70 OO . / o < 10 .  Z.-r r \  n r  lOJ / u 1 r\^Qr\ iU / OU 
1 bc36 35630 27.56 29.56 6.55 255.29 10.21 17100 11180 
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Table D. 11; Row data for the Tu-Cii geometry 

1  1  

1  1  
row 1 row 2 row 3 row 4 row 5 

1 i 
q" '^w.out ri" "^w.out 'l" '^w.out 

ft 1 
i  

1  1  °C W/m^ °C W/m^ °C W/m- °C vV/m^ °C W/m2 

bcl8 31.37 19880 31.42 20380 31.31 19280 31.27 18880 31.26 18780 
bc24 30.91 26590 30.97 27380 30.85 25790 30.78 24860 30.77 24720 
bc30 30.36 33570 3040 34240 30.31 32730 30.22 31210 30.18 30530 
bc36 29.65 40800 29.68 41400 29.59 39610 29.46 37040 29.40 35850 
bcl6 31.77 17440 31.83 18030 31.73 17050 31.69 16660 31.67 16470 
be 1 8  31.48 19680 31.55 20380 31.45 19370 31.41 18970 31.38 18670 
bc20 31.25 22150 31.31 22830 31.21 21700 31.16 21130 31.13 20790 
bc22 31.05 242C0 31.11 24940 31.02 23830 30.95 22970 30.94 22850 
bc24 30.99 26760 31.05 27560 30.94 26090 30.87 25140 30.85 24880 
bc26 30.79 28780 30.85 29650 30.75 O Q o n n  o n  A - 7  T T A O A  30.65 A r\ /.0/nu 
bc28 30.56 31200 30.61 31990 30.51 30420 30.43 29170 30.40 28690 
bc30 30.23 33780 30.29 34780 30.19 33110 30.09 31440 30.05 30770 
bc32 30.04 36170 30.08 36890 29.99 35280 29.88 33300 29.84 32580 
bc34 29.75 38860 29.78 39430 29.70 37920 29.58 35640 29.52 34500 
bc36 29.62 40920 29.65 41520 29.56 39730 29.43 37150 29.36 35750 

Table D.12: Shell-side heat transfer coefficients and uncertainties for the Tu-Cii geometry 

run 

II I O 
vv/m*' 

bundle 
r/ k 

VY/m 

0 

m2K 

row 

ho 

% 

row 2 

ho w 
I TTr 

K m2 K 

row J 

ho w 

-I- C7 

n? K ^ ' 

row 4 

ho w 

±% 
m2 K 

row 5 

he ti-

m2 K 

bcl8 
!i bc24 

bc30 
bc36 

20150 
2688Q 
33560 
40270 

1200 
1590 
1990 
2390 

26510 
24960 
23500 
20970 

27. 
19. 
15. 
11. 

24380 
23730 
23610 
22060 

27. 
20. 
16. 
13. 

29380 
28300 
26030 
23430 

32. 120050 23. 
23. 120250 18. 
17. 121050 15. 
13. 119680 12. 

17830 21. 
17130 16. 
17410 13. 
15640 10. 

17340 20. !; 
16740 15. 
16080 12 
14160 10 

bcl6 
bcl8 
bc20 
bc22 
bc24 

I 
ibc28 
bc30 
bc32 
bc34 
bc36 

17730 
20060 
22460 
24650 
26860 
29000 
31330 
33800 
36100 

38220 

40170 

1050 
1190 
1330 
1460 
1590 
1720 
1860 

2010 
2140 
2270 

2380 

29000 
29620 
28590 
28020 
26090 

25370 

23270 
22010 
orn7n / / >-/ 
20230 

34. 
30. 
26. 
24. 

26210 
25910 
26080 
25150 

20. 25630 
18. 
16. 
15. 
1"? 

24530 
2375G 
23400 
22370 

12. 22350 
11. 121870 

33. 
29. 
26. 
23. 
21. 
19. 
17. 
16. 
1 /t 
i*T. 

13. 
13. 

34640 
34620 

i 32600 
30740 

30930 

27040 
27080 
24440 
23790 
23210 

42. 122370 29. 
37. 123270 26. 
31. 122880 23. 
27. 122970 21. 

25. 
22. 
19. 
18. 
1 c 

13. 

22260 19. 
22090 18. 
21050 16. 
21360 15. 
201 /1A 17 vjinu 1^. 

1 -*< 
O. 

19520 12. 

19400 25. 
20400 24. 
19710 21. 
18930 18. 
18620 17. 
18230 15. 
17630 14. 
17320 13. 
16270 12. 

15540 10. 

18150 24 
18620 22 
18130 19 
1S450 ig 

17760 16 
17420 15 
16560 13 
16020 12 

15130 11 
14600 iO 
13850 9. 
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Table D.13: Refrigerant-side data for the G-SC geometry 

inlet outlet middle tube Ts.o 
a ^5 a' sh sc row 1 row 2 row 3 row 4 row 5 rii 

run W °C °C °C °C °C °C °C °C kg/min 

1 bdi8 i82i0 35.08 3.87 .09 33.40 33.48 33.14 33.55 33.29 6.42 

bd24 24270 35.04 4.02 .19 32.75 32.86 32.59 32.95 32.67 8.54 
bd30 30200 35.02 5.91 .30 32.19 32.22 31.90 32.28 31.96 10.54 

bd36 36180 35.07 7.20 .39 31.48 31.57 31.30 31.66 31.33 12.55 

bdl6 16120 34.96 5.47 .04 33.51 33.56 33.22 33.61 33.40 5.64 

bdl8 18170 35.03 4.60 .10 33.35 33.43 33.09 33.51 33.25 6.38 

bd20 on? in 35.00 6.06 .11 33.13 33.29 OO r\f\ JJ.VKJ 33.37 JJ.l 1 
^ r\ f I 
/.WO 

bd22 22130 35.01 4.46 .12 33.04 33.12 32.87 33.22 32.93 7.77 

bd24 24190 35.01 3.70 .08 32.84 32.95 32.70 -2^ on 32.73 8.53 

bd26 26090 35.02 4.35 .20 32.65 32.76 32.51 32.82 32.54 9.16 

L/O.^U 
OQO'TA / W 

0 C A1 i A nn 
-T. / / 

1 n 
, A / 

OO OO cr\ y.yi 

bd30 30230 35.07 5.98 .22 32.34 32.43 32.17 32.49 32.20 10.55 

bd32 32180 34.98 5.83 .26 32.08 32.11 31.91 32.17 31.88 11.23 

bd34 34320 34.94 7.70 .35 31.81 31.87 31.60 31.90 31.60 11.88 

bd36 36290 35.06 8.36 .35 31.60 31.66 31.42 31.72 31.42 12.53 

Table D. 14: Water-side data for the G-SC geometry 

^ '^bulk.in '^bulk.out ^MTD '^'^tube 

run W °C °C °C kg/min kg/min 
m- K II 

bdl8 17730 28.26 30.23 5.82 129.28 5.17 9610 6380 
bd24 23780 27.37 29.35 6.68 172.19 6.89 12560 7950 

uu-Jw 29970 26.49 28.48 7.56 215.51 8.62 15410 9420 

bd36 in 
1. i.KJ 2^^ 4"^ OT Ca 

^ ^ 
Q cr\ 
O.KJKJ 

OCO AO ^ A AO IVJ.UO 17630 1 AC'^A iUJ /u 

bdl6 15850 28.85 30.67 5.19 125.25 5.01 9420 6250 

bdl8 17950 28.25 30.24 5.78 129.92 5.20 9660 6400 

bd20 19990 28.03 30.00 5.98 145.38 5.82 10760 6990 

bd22 21930 11 HA 29.74 6.27 157.76 < 11 A 11 Ann 
X X \J\J\J / T-rw 

bd24 24000 HA1 29.45 6.55 173.24 6.93 12660 7990 

bd26 25950 27.20 29.19 6.83 187.47 7.50 13620 8490 

bd28 28150 26.83 28.83 7.20 201.59 8.06 14530 8970 

30190 26.68 28.68 7.41 216.03 8.64 1 CCOA 1 J JZ.U 9460 

bd32 
^ t r\ 

2o.33 28.33 7.68 231.78 9.27 16520 9970 

bd34 34450 25.92 27.95 8.03 243.31 9.73 17190 10320 

bd36 36350 25.56 27.62 8.49 253.06 10.12 17740 10620 
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Table D.15; Row data for the G-SC geometry 

row 1 1 row 9 1 row o ' -s 1 rAv. » V 1 4 row 'C li 

ran ^w.oui d" 1 '^w.out "^w.out T ^ w.out t/' 
.... o\ 
w/m- w/m-' °C w/m" ] °C W/m" °C W/m- 1 

bdl8 30.21 19670 30.24 19970 30.11 18660 30.27 20270 30.17 19260 
bd24 29.30 25930 29.34 26460 29.24 25130 29.37 26860 29.27 25530 
bd30 28.44 32790 28.45 32950 28.34 31110 28.47 33290 28.36 31450 
bd36 27.46 38930 27.49 39520 27.40 377G0 27.52 40100 27.41 37950 
bdl6 30.64 17400 30.66 17600 30.53 16330 30.68 17790 30.60 17010 
bdlS 30.19 19560 30.22 19860 30.09 18550 30.25 20170 30.15 19160 
bd20 29.93 21440 29.99 22120 29.88 20880 30.02 22450 29.92 21330 
bd22 29.68 23750 29.71 24120 29.62 23020 29.75 24610 29.64 23260 
bd24 29.40 25950 29.44 26490 29.35 25280 29.46 26760 29.36 25410 
bd26 29.13 28080 29.17 28670 29.08 27360 29.19 28960 29.09 27500 
bd28 28.77 30510 28.80 30980 28.72 29730 28.82 31290 28.72 29730 
bd30 28.62 32700 28.65 33200 28.56 31690 28.67 33540 28.57 31860 
bd32 28.27 35080 28.28 35260 28.21 34000 28.30 35620 28.20 33820 
bd34 27.89 37210 27.91 37580 27.82 35880 27.92 37770 27.82 35880 
bd36 27.56 39290 27.58 39680 27.50 38110 27.60 40070 27.50 38110 

Table D.16: Shell-side heat transfer coefficients and uncertainties for the G-SC geometry 

bundle row 1 row 2 row 3 row 4 ! row 5 

run 'l" 'l ho w ho w ho iv ho lu ho IV ho lU 
1 1 1 WlrJl r vv -L C7. w J- a. yy -1. a. vV -L r.* w ' rr W . ^ II WlrJl 

m- K m- K 
— 1 

K 
— 

m^ K m2 K 
-1. /U 

m2 K 
-1- /!/ II 

|bdl8 20030 1190 13060 14. 12100 14. 12920 15. 9860 12. 13830 16. 11120 13. 
1 bd24 26770 1590 12950 11. 11560 11. 12420 11. 10420 10. 13130 12. 10970 10. 
bd30 33530 1990 12650 8. 11780 9- 11970 9. 10120 8. 12350 9. 10420 8. 
bd36 40290 2400 12060 7. 10960 7. 11420 8. 10110 7. 11910 8. 10250 7. 
bdl6 17820 1060 13790 16. 12440 16. 13080 17. 9670 14. 13760 18. 11310 15. 
bdl8 20130 1200 13640 14. 12070 14. 12890 15. 9830 12. 13810 16. 11090 13. 
bd20 22410 1330 14090 13. 11810 13. 13390 14. 10700 12. 14300 15. 11580 13. 
bd22 24550 1460 14100 12. 12380 12. 13140 13. 11040 11. 14260 14. 11460 12. 

•.Z&85U 1600 13790 11. 12200 11. 13150 12. 11150 11. 13660 12. 11350 11. 
bd26 29000 1730 13560 10. 12120 11. 13020 11. 11120 10. 13500 11. 11310 10. 
bd28 31440 1870 13260 9. 11980 10. 12590 iO. 11040 9. 13030 10. 11040 9. 
bd30 33670 2000 13440 9. 12200 9. 12810 10. 11100 9. 13240 10. 11270 9. 
bd32 35900 2140 13280 8. 12310 9. 12500 9. 11220 8. 12900 9. 11060 8. 
bd34 38320 2280 13200 8. 12070 8. 12440 9. 10900 8. 12630 9. 10900 8. 

|bd36140480 2410 12520 7. 11490 8. 11820 8. 110580 7. JJ^150 8. 10580 7. 
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Table E. 1: Refrigerant-side data for the 26-fpi geometry 

inlet outlet middle tube Ts^o 
1 

9 sat sh sc row 1 row 2 row 3 row 4 row 5 fn 

run W °c °C °C °C °C °C °C °C kg/min 

dfl8 18060 34.93 3.58 .43 33.01 32.98 32.43 32.61 32.78 6.07 
df24 23870 34.99 2.91 .43 32.47 32.47 31.97 32.18 32.42 8.04 

dOO 29820 34.99 3.78 .44 31.77 31.83 31.42 31.72 31.80 10.01 

df36 35920 35.07 5.32 .52 31.20 31.32 30.77 31.12 31.18 11.99 

dfl6 16070 34.97 2.39 .51 33.18 33.08 32.54 32.73 32.91 5.42 

dfl8 18020 34.98 4.77 .69 33.00 32.92 32.30 32.53 32.78 6.02 

df20 20150 34.94 5.19 .41 32.81 32.76 32.17 32.38 32.61 6.73 
df22 22080 35.02 4.06 .57 32.66 32.61 32.07 32.22 32.53 7.40 

df24 24060 34.97 3.50 .38 32.36 32.36 31.89 32.10 32.34 8.09 
df26 26030 35.03 4.42 .48 32.21 32.21 31.75 32.00 32.21 8.72 
df28 27760 35.04 3.22 .51 31.98 32.01 31.62 31.90 32.06 1 9.34 
df30 29910 35.07 2.69 .51 31.81 31.87 31.46 31.76 31.84 10.08 

df32 32100 35.00 3.93 .50 31.52 31.57 31.15 31.46 31.52 10.77 
df34 33960 35.09 4.65 .58 31.40 31.46 31.01 31.32 31.40 11.36 
df36 36180 35.02 4.09 .43 31.18 31.27 30.72 31.07 31.12 12.13 

Table E.2: Water-side data for the 26-fpi geometry 

<1 bulk.in Tbulk.out LMTD ''^bulk ^^^tube Re 

run W °c 0/^ ke/min kf/min W 
O - r  r  1 1 111- xs. ! 

1 dfl8 18020 27.98 29.97 5.94 129.86 5.19 9450 6660 
1 r^nA 23960 on iG 29.20 6.77 rv -s i / i 1 

CO CO \6 •« r\^r\r\ 
8270 

df30 30100 26.36 28.37 7.61 214.98 8.60 15090 9800 
df36 36710 25.51 27.54 8.54 259.40 10.38 17860 11290 

dfl6 16020 28.55 30.38 5.50 125.64 5.03 9240 . 6520 
dfl8 18020 27.93 29.92 6.04 130.06 5.20 9450 6660 

df20 20140 27.63 29.64 6.29 1  / I / I  o n  x-r-r.Z.\j 5.77 10410 7210 
J '2n 35 29.4 i 6.60 157.88 6.32 11340 7740 

df24 24130 27.15 29.14 6.79 174.19 A 0-7 / 1 0 / 1 / i n  X Z,~T"TV_/ 8350 

df26 26150 26.90 28.89 ' T i l  / . i i 188.05 7.52 
^ /• r\ 
i JJDU 8850 

df28 28260 26.61 28.63 7.39 201.19 8.05 14200 9320 

df30 30270 26.37 28.39 7.67 215.45 8.62 15130 9820 

dG2 
^ ̂  r\ r\ 

.3Z0'JU 25.99 28.01 7.99 230.52 9.22 16050 10320 
! df34 34580 25.78 27.80 8.28 044 go 9.79 16960 1 1 n 1 

1 \JO X vj 1 

df36 36930 25.40 27.45 8.60 258.27 10.33 17750 1 i  
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Table E.3; Row data for the 26-fpi geometry 

1 1 

run 

rov*' 1 j rov*' 2 
rp I'V 
^W\OUt H \-^W,OlLi H 

°C W/m^i °C W/m2 

row 3 
T ^ W.out H 

°C W/m2 

row 4 
T /-r" •' u.\out 9 

°C W/m^ 

r l> 
row 5 

°C W/m^ 

dfl8 

df24 

df30 

df35 

29.98 20320 

29.18 26770 

28.31 32800 

27.48 39990 

29.97 20220 

29.18 26770 

28.33 33140 

27.52 • 40800 

29.75 17990 

28.99 24210 

28.18 30620 

27.33 36940 

29.82 18700 

29.07 25290 

28.29 32470 

27.45 39380 

29.89 19410 

29.16 26500 

28.32 32970 

TIM 39790 

dfl6 

dflS 

df20 

df22 

df24 

df26 

df28 

dGO 

df32 

dG4 

dn6 

30.41 18290 

29.94 20560 

29.65 22790 

29.41 24950 

29.11 26720 

28.86 28990 

28.57 30860 

28.33 33040 

27.95 35360 

27.75 37740 

27.40 40420 

30.37 17890 

29.91 20250 

29.63 22570 

29.39 24710 

29.11 26720 

28.86 28990 

28.58 31010 

28.35 33380 

27.97 35720 

27.77 38120 

27.43 41030 

30.15 15730 

29.66 17710 

29.40 19970 

29.18 22110 

28.93 24260 

28.69 26490 

28.44 28810 

28.20 30850 

27.82 33010 

27.61 35060 

27.24 37190 

30.23 16520 

29.75 18620 

29.48 20870 

29.24 22850 

29.01 25350 

28.78 27810 

28.54 30380 

28.31 32710 

27.93 34990 

27.72 37170 

27.36 39610 

30.30 17200 

29.85 19640 

29.57 21890 

29.36 24340 

29.10 26580 

28.86 28990 

28.60 31330 

28.34 33210 

27.95 35360 

27.75 37740 

27.38 40020 

Table E.4: Shell-side heat transfer coefficients and uncertainties for the 26-fpi geometry 

bundle row 1 row 2 row 3 row 4 row 5 1 
run 9" <l' ho w ho W ho w ho IV ho w ho IV 1 

1 ' ' Z r ! w" , VV , ^ Vv , ^ 1 w . w . 1 
= ' ^ 1  

w 
1 II 

" " l i  m2 K m2 K m^K m-K m2 K 

. 1 
= ' ^ 1  

m- K 

1 II 

" " l i  
dflS 20270 1200 10730 11. 10860 12. 10660 12. 7320 9. 8200 10. 9240 n. ! 
df24 26870 1590 10930 8. 10770 9. 10770 9. 8090 8. 9100 8. 10440 9. 
dfSO 33660 1990 11090 7. 10310 8. 10600 8. 8640 7. 10030 8. 10460 8. 
dG6 4G810 2410 11000 6. 10420 7. 10970 7. 8650 6. 10040 7. 10290 7. 

dfl6 18030 1060 9970 11. 10500 13. 9710 12. 6560 10. 7520 10. 8520 11. 
1 dfIS 20250 1190 10160 10. 10670 12. 10110 11. 6710 9. 7730 9. 9110 10. 

df20 22630 1340 10700 10. 10960 11. 10590 11. 7320 9. 8280 9. 9570 10. 

1 df22 24840 1470 10640 9. 10780 10. 10430 10. 7570 8. 8270 8. 9940 9. 
df24 27080 1600 10870 8. 10420 9. 10420 9. 7960 8. 8950 8. 10260 9. 
df26 29310 1730 10790 8. 10410 8. 10410 8. 8160 8. j 8. 10410 8. 
df28 31480 1860 10820 7. 10190 8. 10340 8. 85!0 7. 1 9770 8. J. S. 
df30 133810 1990 10950 7. 10260 8. 10550 8. 8610 7. 1 9980 7. 10400 8. 
df32 136350 2140 11050 7. 10250 7. 10530 7. 8650 7. i 9980 7. 10250 7. 
dG4 38510 2270 10900 6. 10330 7. i 10600 7. 8650 6. ! 9940 7. 10330 7_ 
dn6 41080 2420 11070 6. 10600 7. 1 11010 7_ 8690 6. i 10080 7. 10340 7. 



www.manaraa.com

186 

Table E.5: Refrigerant-side data for the 40-fpi geometry 

inlet outlet middle tube T.s.o 

a '^scJ. sh sc row 1 row 2 row 3 row 4 row 5 7 h  

run W °C °C °C °C °C °C °C °C kg/min 

d618 17970 35.02 3.41 .44 33.40 33.15 33.26 33.18 33.04 6.04 
dg24 24020 34.95 4.26 .42 32.93 32.58 32.81 32.72 32.40 8.05 

dg30 30070 34.99 3.22 .58 32.62 32.07 32.44 32.28 31.82 10.10 

dg36 35920 35.11 .57 32.36 31.72 32.07 31.79 31.37 12.20 

dgl6 16060 34.96 2.90 .41 33.52 33.24 33.3.^ 33.30 33.19 5.41 

dglS 18110 35.08 5.00 .77 33.55 33.28 33.39 33.28 33.14 6.05 

dg20 20090 34.95 3.08 An 
.KJKJ 33.25 32.97 33.14 33.02 32.83 6.75 

dg22 22060 34.99 3.67 .53 33.13 32.85 33.07 32.93 32.70 7.41 

dg24 24120 35.02 4.01 .59 33.01 32.72 32.95 32.84 32.51 8.08 
dg26 26110 35.01 4.52 .61 32.85 32.47 32.79 32.68 32.29 8.74 
Aal9. 07870 ^ i \J i \J 35.02 Q 40 .79 00 OA 00 0 /I ^:c 32.52 r\ ^ r 

y.oj 

dg30 30010 35.04 3.64 .61 32.67 32.12 32.49 32.34 31.88 10.09 
dg32 32210 35.08 4.98 .62 32.52 31.93 32.30 32.08 31.68 10.76 
dg34 34150 35.02 1.96 .59 32.29 31.60 32.04 31.79 31.38 11.53 
dg36 36470 34.96 2.53 .81 32.08 31.41 31.82 31.54 31.19 11.99 

Table E.6: Water-side data for the 40-fpi geometry 

'^bulkan '^bulk,out LMTD ^''^tube 

run W °C °C °C kg/min kg/min 

d618 17920 27.82 29.81 6.21 129.29 5.17 8540 5320 
dg24 24050 26.98 28.98 7.01 172.42 6.90 11180 6630 i 

30390 26.13 28.15 7.94 215.53 8.62 1 
ID !  ± \ )  7860 

—0— 36230 25.52 07 0 OA 1 A 0 1 
X KJ.JL .  i 1 ^AOA Or\ r f \  

oy jv  

dgl6 15980 28.40 30.23 5.66 125.07 5.00 8350 5200 
dgl8 18030 27.90 29.89 6.19 130.19 5.21 8620 5350 

dg20 20130 27.48 29.49 6.48 143.66 5.75 9420 5760 
dg22 22050 27,29 29.30 6.72 157.65 6.31 10300 Aonn 1 1 

di24 24190 27.07 29.07 6.99 173.42 6.94 11270 6670 f 
dg26 26220 26.78 28.80 7.27 187.16 7.49 12090 7070 

dg28 28070 26.60 28.60 7.49 202.02 8.08 12990 7500 
dg30 30440 26.24 28.26 7.86 216.37 8.65 1 aqi n 1 X u 7900 
dg32 32510 25.94 27.96 8.21 230.45 9.22 1 /I Ann A -TW\_/W 8280 
dg34 34720 25.54 27.59 8.53 243.92 9.76 15320 8630 

dg36 36470 25.28 27.32 8.73 257.68 10.31 16090 8990 
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Table E.7; Row data for the 40-fpi geometry 

row 1 1 row 2 row 3 row 4 row 5 

run '^W.O'dt 9" '^Xb\OUt l" '^w.out ci" 
r7~i 

w.out ri" 

W/m^ °C W/m^ °C W/m^ °C W/m^ °C W/m'^ ] 

d618 29.83 20120 29.74 19210 29.78 19620 29.75 19310 29.70 18810 

dg24 29.00 27100 28.88 25490 28.96 26560 28.93 26160 28.82 24690 

dg30 28.20 35550 28.02 32540 28.14 34550 28.09 33710 27.94 31190 

dg36 27.66 42510 27.46 38540 27.57 40720 27.48 38930 27.35 36350 

dgl6 30.25 18100 30.15 17130 30.19 17520 30.17 17320 30.13 16930 

dglS 29.93 20560 29.83 19550 29.87 19960 29.83 19550 29.78 19040 

dg20 29.51 22690 29.41 21570 29.47 22240 29.43 21800 29.36 21010 

dg22 29.31 24780 29.21 23550 29.29 24530 29.24 23920 29.16 22940 

dg24 29.08 27260 28.98 25910 29.06 26990 29.02 26450 28.91 24960 
TO 01 28.68 T7<'7n z. /O / vj '-tr\ AO./y 28.75 2S690 28.62 /08UU 

dg28 28.64 32070 28.49 29710 28.59 31280 28.55 30650 28.40 28300 

dgSO 28.32 35190 28.14 32160 28.26 34180 28.21 33340 28.06 30810 

dg32 28.03 37840 27.84 34430 27.96 36580 27.89 35330 27.76 33000 

dg34 27.67 40430 27.45 36250 27.59 38910 27.51 37390 27.38 34930 

dg36 27.40 42510 27.19 38300 27.32 40910 27.23 39100 27.12 36900 

Table E.8: Shell-side heat transfer cocfficicnts and uncertainties for the 40-fpi geometry 

bundle row 1 row 2 row 3 row ^ i row 5 

run ho lu ho w ho w ho w ho U' 1 1 ho w 

1 ! 
\W/ry^^ YV 4- vv' 

1 
r- cr. 1 vv' 

I 
vv . ^ 1 \v 

— 
W yrJiTl 

K K KP- K nfi K m^lc K 

!d6l8 20050 1190 12520 13. 12810 14. ! 10530 12. t. LKJ ! 
- '•s 1 
I J. 9710 10 ii 

iz.. 1 
|dg24 26860 1590 13250 1 r\ lU. 13740 1 

iz. 10950 10. 12710 ii. 12000 11. 9850 10. j 
IdeSO 33770 2000 12980 8. 1 S"if) in 1 noon Q 1 iiin in 0 y . 00*7 r» y y 1 0 i u. 

|dg36 40310 2390 13160 7. 15660 9. 11490 8. 13560 8. 11830 8. 9800 7. 1 
idgl6 17900 1060 12360 12970 16. 10230 13. 11200 •» i-T. l\J i \J\J IT. 9780 1 J. 1 

jdglS 20190 1200 12770 13. 13940 15. 11130 13. 12140 14. 11130 13. 10030 12. 
|dg20 22470 1330 13140 12. 13740 14. 11130 12. 12590 13. 11590 12. 10090 11. 
Id£r22124640 UfiO 13350 11. 13660 13. 11190 1 1 1Q1 in 12 11 ocr» A JL W-V 19 1 n OA i\j 1 y\j 1 n X \J. 1 

dg24 26990 1600 13400 10. 13880 12. 11460 10. 13340 12. 12350 11. 10110 10. 
dg26 29230 1730 13430 10. 13970 11. 11040 10. 13450 11. 12490 10. 9970 9. 
dg28 31250 1850 13360 9. 14670 11. 11240 9. 13380 10. 12460 10. 9690 9. 
dg30 33810 2010 13200 8. 15160 10. 11170 9. 13630 10. 12520 9. 9850 8. 
dg32 36160 2150 12930 8. 14990 10. 11030 8. 13330 9. 11920 8. 9790 8. 
dg34 38480 2280 iZbuu 7. 15030 9. 10690 8. 13210 9. 11690 S. 9670 7. j 

!dg36 40750 2420 13040 7. 14940 9. 10880 7. 13180 8. 111520 8. 9850 7- 1 
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Table E.9: Refrigerant-side data for tlie Tu-Cii geometry 

inlet outlet middle tube Ts,,o 
a Tsa.t sh sc row 1 row 2 row 3 row 4 row 5 m 

run W °C °C °C °C °C °C °C °C kg/min 

del 8 18140 34.91 4.81 .55 33.69 33.8 i 33.50 33.43 33.41 6.06 i  

dc24 24100 35.02 4.66 .50 33.56 33.69 33.39 33.22 33.19 8.07 

dc30 30350 35.04 6.00 .69 33.25 :):>.33 33.04 32.78 32.75 10.10 

dc36 35920 34.99 8.02 .99 32.83 32.88 32.61 32.23 32.18 11.86 

dcl6 16090 34.97 3.58 .43 33.88 33.98 33.69 33.65 33.65 5.41 

dcl8 18090 34.97 5.37 .53 33.79 33.91 33.62 33.55 33.53 6.04 

dc20 34.95 4.38 .54 33.73 33.87 33.61 33.51 33.49 6.72 

dc22 22150 35.00 3.26 .52 33.71 33.89 33.59 33.49 33.42 7.45 

dc24 24090 35.03 4.96 .49 33.62 33.77 33.47 33.35 33.30 8.05 

dc26 26130 35.02 4.73 .52 33.53 33.68 33.22 33.17 8.74 
991 nn HQ 

. \ jK j  .w/U 
1-1 / I / I  

. - r -T  / 
00 no OO 1 1 

J J, I i  
OO c\c  9.38 

dc30 30290 35.08 7.48 .59 33.34 33.47 33.18 32.95 32.95 10.03 

dc32 31980 35.04 7.77 .65 33.17 33.28 33.01 32.72 32.72 10.58 

dc34 34000 35.04 7.06 .79 33.02 33.10 32.84 32.52 32.49 11.27 

dc36 35880 34.94 8.47 .97 32.82 32.90 32.63 32.28 32.25 11.82 

Table E.IO; Water-side data for the Tu-Cii geometry 

<? ^bulk^in 
rp 

bulk,out 
LMTD 

"^bulk ^ i u b e  
Re 

run W °C °C °C kg/min kg/min W 
7, T/^ 

n 1" IX 1 

del 8 18040 28.95 30.94 4.98 130.31 5.21 9000 6620 
dc24 24050 28.52 30.52 5.51 172.21 6.89 11780 8240 

'xCiA in wJ WT i \J 27.92 29.92 6.15 217.77 8.71 1 Anr\r\ 
i-t/UU 9880 

dc36 36030 27.24 29.25 < CI X 0^7 AC. 
/ ."TKJ 1 n ir\ 1 n 1 OA X / A ^\J 

1 1 nn 
11. 1 

dcl6 15950 29.58 31.40 4.48 125.77 5.03 8780 6470 

dcl8 17950 29.08 31.06 4.89 130.44 5.22 9030 6630 

dc20 19950 28.94 30.92 5.02 144.79 5.79 9990 7200 
dc22 2z010 28.78 30.79 5.23 157.55 6.30 10840 7690 

dc24 23960 28.63 30.62 5.42 172.81 6.91 11850 8270 

dc26 26030 28.45 30.43 5.60 188.65 7.55 12880 8850 1 

dc28 28070 28.30 30.28 5.81 202.58 8.10 13790 9360 

dc30 30240 28.05 30.06 A 216.10 8.64 14630 9830 

dc32 1 O ^ 
J 27.85 29.83 o.s:> 230.59 9 1 1 1 A. V/w/ 

dc34 34130 27.57 29.57 6.51 244.58 9.78 16380 10800 

dc36 36120 27.27 29.27 6.71 258.44 10.34 17200 11250 
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Table E. 11: Row data for the Tu-Cii geometry 

run 
row 1 

rp // 
•' w.out 9 

°C W/m^ 

row 2 

^ w.out 9 
°C W/m^ 

row 3 
rp If 

°C W/m^ j 

row 4 
T /•/' ^ iv.out 9 

°C W/rr/ 

row 5 j 

'^w.out *7 ll 
°C \V/ir/|j 

dcl8 
dc24 
dc30 
dc36 

30.93 20180 
30.53 26930 
29.95 34400 
29.29 41270 

30.98 206801 
30.58 27600 
29.98 34900 
29.31 41670 

30.85 19370 
30.46 25990 
29.87 33040 
29.21 39670 

30.82 19060 
30.39 25060 
29.77 31350 
29.07 36860 

30.81 18960 
30.38 24920 
29.76 31180 
29.05 36460 

dcl6 
dcl8 
dc20 
dc22 
dc24 
dc26 
dc28 
dc30 
dc32 
dc34 
dc36 

31.40 17810 
31.06 19990 
30.91 22190 
30.78 24520 
30.62 26760 
30.44 29210 
30.29 31370 
30.07 33960 
29.85 36060 
29.60 38630 
29.31 41020 

31.44 18200 
31.11 20500 
30.97 22870 
30.85 25370 
30.68 27560 
30.50 30090 
30.34 32160 
30.12 34810 
29.89 36780 
29.63 39200 
29.34 41630 

31.32 17030 
30.99 19280 
30.86 21630 
30.73 23900 
30.56 25950 
30.38 28330 
30.23 30420 
30.01 32960 
29.79 34990 
29.53 37300 
29.24 39620 

31.30 16830 
30.96 18980 
30.82 21180 
30.69 23410 
30.51 25280 
30.32 27450 
30.16 29320 
29.92 31440 
29.68 33010 
29.41 35020 
29.11 37000 

31.30 16830 
30.95 18880 
30.81 21070 
30.66 23050 
30.49 25010 
30.30 27160 
30.14 29000 
29.92 31440 
29.68 33010 
29.40 34830 

1 29.10 36800 

Table E.12: Shcll-sidc heat transfer coefficients and uncertainties for the Tu-Cii geometry 

run 

bundle 
<?' hr 

row 1 

ho w 

row 1 
ho w 

row 3 j  row 4 
ho It' ho u' 

row 5 

ho I 

w I w 
! 

11/*»» TT/ i i l  

K 
- i .  /O 0 TT m- K. 

Ll. 'JO 
m2 K 

X 70 

m~ K 
31 70 

m2 K 
IC VC 

K _  j  

dclS] 20210 1200 17600 17. 17340 18. 19860 20. 14250 16.  13310 15. 13020 15. !! 
dc24 26900 1600 19100 14. 19260 15. 21720 17. 16480 14. 14270 13. 13990 n ! l  

dc30 33940 2010 18690 11. 19730 13. 20980 13. 16890 11. 14110 10. 13860 10. li 
dc36 40200 2390 17860 9.  19510 11. 20230 11. 16990 10. 13560 9. 13150 9 -  1 1  
dcI6 17900 1060 17580 19. 17200 20. 19390 22. 13860 17. 13180 17. 13180 17. 1 1  
dc!8 20130 1190 18350 18. 17870 19. 20570 21. 14960 16. 13930 16. 13610 15. i l  
dc20 22360 1330 19720 17. 19010 18. 22450 21. 16750 17. 15230 15. 14880 15. 1! 
dc22 24670 1460 20520 16. 19900 17. 24030 20. 17610 16. 16060 15. 15030 14. 1! 

ldc24 26840 1590 19980 15. 19730 16. 22920 18. 17200 14. 15450 13. 14820 13. || 
dc26 29140 1730 19950 14. 20220 15. 23340 17. 17700 14. 15630 13 1 

1. ^  19 1  

dc28 31380 1860 19690 13. 19730 14. 22040 15. 17410 13. 15190 1 9  14630 li ' 
dc30 33820 2010 19720 12. 20090 13. 22340 14. 17810 12. 15050 11. 15050 11. 
dc32 35650 2120 18990 11. 19800 12. 21460 13. 17650 11. 14490 10. 14490 10. 
dc34 38060 2260 18560 10. 19610 11. 20760 12. 17270 11.  14090 9. 13860 9^ 

dc36 40220 2390 18390 9. i19740 11. 20860 11. 117450 10. 14080 9. 13860 9. 
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Table E. 13: Refrigerant-side data for the G-SC geometry 

inlet outlet middle tube Ts.o 
) 

9 T' . 
•^sat 

eU 
Oil sc row 1 row 2 row 3 row 4 row 5 m 

run W °C °C °C °C °C °C °C °C kg/min 

ddl6 16060 34.96 2.69 .46 33.04 33.12 33.06 33.17 32.91 5.41 
ddl8 18010 35.01 5.08 .37 32.77 32.98 32.92 33.03 32.77 6.02 
dd20 20180 34.96 6.93 .49 32.52 32.76 32.71 32.82 32.52 6.70 
dd22 22120 35.05 3.93 .45 32.35 32.68 32.62 32.76 32.40 lAl 

dd24 24130 35.04 4.75 .57 32.06 32.45 32.40 32.54 32.18 8.07 

dd26 26030 35.00 5.14 .51 31.85 32.24 32.21 32.33 31.96 8.70 

dd28 28090 35.09 6.17 .55 31.75 32.15 32.10 32.21 31.84 9.35 
dd30 30140 35.03 5.42 .63 31.52 31.87 31.87 31.98 31.55 10.05 
dd32 31840 35.14 4.84 .66 31.54 31.84 31.78 31.92 31.48 10.64 
dd34 33810 34.99 7.33 .68 31.27 31.45 31.45 31.57 31.15 11.20 

aa:5D 35910 35.00 7.53 .75 30.98 31.31 31.28 31.40 30.92 11.88 

ddl8 18080 34.96 3.83 .52 32.79 32.89 32.84 33.00 32.68 6.07 

dd24 24080 35.05 4.35 .60 32.33 32.46 32.44 32.58 32.22 8.06 
dd30 30290 35.08 5.69 .52 31.81 31.98 31.98 32.12 31.69 10.10 
dd36 36060 35.08 5.48 .60 31.24 31.36 31.33 31.51 31.03 12.03 

Table E.14; Water-side data for the G-SC geometry 

run 

9 

W 

T ' bulk,in 
°c 

T' bulk,out 
°C 

LMTD 

°C 
'"^bulk 

kg,/min 

^tube 

kg/min 

Re fH 1 
W i 

/ -rr II 
Hi- jcv 1! 

ddi6 15940 28.36 30.19 5.69 125.42 5.02 9330 6220 i 
ddl8 17910 27.78 29 77 6.24 iz9.r)3 D. i 8 9530 ! OOOV 1 
dd20 20110 21AQ 29.40 6.57 144.05 5.76 10520 6890 
dd22 22090 1122 29.23 6.84 158.13 6.33 11500 7410 

dd24 24170 26.90 28.92 7.16 172.23 6.89 12440 7910 

dd26 26090 26.66 28.65 7.37 187.78 7.51 13480 8460 
dd28 28240 26.45 28.46 7.66 202.14 8.09 1 A \J 8950 
AA^r\ OAocn r rvo 2S,1G 7.98 "i 1 ^ LKJ 8.65 1 j3Z(J ("» /I 1 / * 1 

dd32 32250 26.00 27.99 8.18 232.07 9.28 16420 9950 

dd34 33950 25.63 27.61 8.41 246.13 9.85 17260 10380 

dd36 36270 25.21 27.25 8.82 254.75 10.19 17710 10630 

ddlS 

dd24 

dd30 

dd36 

17840 

23920 

30220 

36610 

27.65 

26.94 

26.14 

25.34 

29.63 
28.93 
28.16 
27.36 

6.31 
7.12 
7.95 
8.78 

129.34 

172.62 
OK 2^ 

260.03 

5.17 

6.90 

8.61 
10.40 

9490 
12470 
1 ^oon A .J wO o 
18130 

6340 

7930 

938C 
10820 
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Table E.15; Row data for the G-SC geometry' 

1 1 
row 

1 
1 row 2 row 3 row 4 row 5 

j run '^w.out q" '^w,out '^u;,out c/' "^w.out ri" 
1 
1 

°C W/m^ °C W/m^ °C W/m- vV/m^ °C W/tn^ 

jddl6 30.15 17420 30.18 17720 30.16 17520 30.20 17910 30.10 16940 

ddlS 29.67 19000 29.75 19800 29.73 19600 29.77 20010 29.67 19000 

dd20 29.30 21240 29.39 22250 29.37 22030 29.41 22470 29.30 21240 

dd22 29.09 22950 29.21 24420 29.19 24180 29.24 24790 29.11 23200 

dd24 28.75 24730 28.89 26600 28.87 26340 28.92 27000 28.79 25270 

dd26 28.48 26670 28.62 28710 28.61 28570 28.65 29150 28.52 27260! 

dd28 28.29 28870 28.43 31070 28.41 30750 28.45 31380 28.32 29340 

ddSO 27.94 31210 28.06 33220 28.06 33220 28.10 33890 27.95 31380 

dd32 27.87 33680 27.97 35490 27.95 35130 28.00 36030 27.85 33320 

dd34 27.50 35920 27.56 37060 27.56 •7.nn/^r\ T7 <;A ^ / .vw OTCon ^ 1 A £. Z- I .-TVJ 35150 

dd36 27.11 37570 27.22 39750 27.21 39550 27.25 40340 27.09 37180 

ddl8 29.59 19580 29.63 19980 29.61 19780 29.67 20380 29.55 19170 

dd24 28.87 25860 28.92 26530 28.91 26390 28.96 27060 28.83 25320 

dd30 28.08 32410 28.14 33410 28.14 33410 28.19 34240 28.04 31740 

dd36 27.28 39160 27.32 39970 27.31 39760 27.37 40970 27.21 37750 

Table E.16: Shell-side heat ^ansfer coefficients and uncertainties for the G-SC geometry 

run 

bundle 
Q' hr 

' yv/ir." vv/rn 
m2 K 

row 

ho 

•VJ T 

m^'K 

1 j row 2 
Zi! I llQ w 

row. 

ho 
row 4 

ho w 
I 

m- K m2 K K 
d: 7o I 

row: 
ho 

vV 

12. 110270 13. |ddl6! 
ddlSj 
dd20 
dd22 
dd24 
dd26 
dd28 
dd30 
dd32 
dd34 
ddBe 

17830 
20020 
22450 
24640 
26920 
29050 
31390 
33710 
35710 

1060 
1190 
1340 
1470 
1600 
1730 
1870 
2010 
2120 

10100 
10400 
10670 
10830 
10890 
11020 
11120 

11140 
11090 

11. 
11. 
10. 
9. 
8. 

9290 
8660 
8880 
8640 
8420 
8580 
8760 

12. 

10. 
10. 
9. 

40220 2390 

7. 9000 7. 
7. 9460 7. 
6. 9760 7. 
6. 9410 t. 
10. 9250 11. 
8. 9660 9. 
n •t CSCSACS 8. 

9860 12. 
10000 11. 
10360 11. 
10510 10. 
10470 
10600 
10760 8. 
10660 8. 

10880 8. 
10590 7. 
10870 7. 

9. 
9. 

9470 
9540 
10000 
10160 
10140 
10430 
10440 
10660 
10580 

i10590 
10730 

11. 
10. 
10. 
9. 

9. 

/. 
7. 

i0390 12 
10740 11. 
11070 10. 
10990 10. 
11110 
11090 
11300 
11360 
11200 
11320 

_ I 

8430 
8660 
88S0 
8920 
8950 
9100 
9150 
9120 
9210 
9250 
9170 

ddl8 
dd24 
dd30 
dd36 

20020 
26750 
33720 
40490 

1190 
1590 
9nin 
2410 

10030 
10730 
1 lOsH J. X 
11260 

9950 11. ! 9590 

6. 10290 

L\M' 
t r\r\c l y j y j v  

7. 110850 7 
10950 
10710 

11. 10720 12. 
9. j 11170 10. 
8. 111790 8. 
7. 11600 7. 

8630 
9080 
9490 
9390 7. 
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