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AN ABSTRACT

The selection of the proper size of piping is of the utmost im-
portance in the design of an efficient refrigeration system. In most
cases the only basis for the selection of the refrigeration piping are
rules of thumb or arbitrarily choosing pipe or tubing to match the con-
necting fittings of the various pieces of equipment. Such a basis of
selection, however, can be very costly in the long run and penalize the
economy of & system for its entire lifetime.

In designing a refrigeration systea, what we are primarily inter-
asted in is a system that will accomplish its task with the least pos-
sible total cost. The two factors of concern to be included in this
total cost are the initial cost of pipe and the operating cost for power
to drive the compressor. The two factors tend to act against each other,
that is the larger the size of pipes used the greater will be their cost
but the lower will be the cost of power required to drive the compressor .
On the other hand the smaller the size of pipes used the lower will be
their cost but the higher will be the cost for power required to drive
the compressor. Hence it was found that there will be some optimum
point at which the sum total of these two costs will be a minimum., It is
the purpose of this paper to present an analytical solution for the
selection of pipes which will result in the lowest total cost for the
system,

The paper treats the suction, discharge and liquid lines for use
with Freon-12 as the refrigerant. The equations and form of the solution
would be exactly the same regardless of the choice of refrigerant but if

a refrigerant other than Freon-12 is used, extreme care must be taien to
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substitute the properties and values for the desired refrigerant into
the given equations.

The paper also presents a nomograph to facilitate the solving of the
equations, and is designed for use with Freon-12 only.

It was found that the liquid line posed a slightly different con-
sideration than the other two lines., The main consideration in the case
of the liquid line is that the refrigerant enter the expansion device
1004 in the liquid state. Most expansion devices depend upon this for
proper operation., It is seen that the available pressure drop for the
liquid 1line will depend upon the condensing temperature and the degree of
subcooling. The most economical size of pipe for this line will, taereforse,
be the smallest pipe that will allow only the available pressure drop and
still insure 100% liquid at the expansion device.

In view of the large number of the possible variables treated, the
solutions presented here will for the majority of cases replace an in-
dividual economic study. In other cases it will check the designer from
resorting to extremes that would destine the system for uneconomical

operation,
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INTRODUCTION

The economic aspects of an engineering problem, although often of
prime importance,are sometimes completely overlooked. Most engineering
problems involve either a consideration or a comparison of costs., In
attacking any engineering problem such as the design or selection of
equipment to perform a certain task there may be an infinite number of
selections or combinations that could do the job. However, of these
alternatives, there can be found one which will do the job at the least
total cost. It is this solution that the engineer must seek.

Before coming to a conclusion in an economic study, it is necessary
to examine all the factors or variables which would influence our de-
cision. It should be emphasized that the omission of any one factor may
lead to an erroneous conclusion.

In the selection of piping for a refrigeration system, there ;re two
primary factors which influences our choice. The first factor to be con-
sidered is the initial cost of pipe. The second factor is the operating
cost for power required to drive the compressor. The magnitude of these
two costs tend to oppose one another, that is, the larger the size of
pipes used the greater will be their cost but the lower will be the cost
of power required to run the compressor. On the other hand, the smaller
the size of pipes used, the lower will be their cost but the higher will
be the cost of power to drive the compressor. On the following page is
shown a typical plot of the costs of power and pipe vs., the diameter of

pipe used. From it, it can be seen that there will be some optimum point
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at which the total cost for both piping and power will be a minimum,
This paper presents an analytical solution for the optimum size of piping
to be used in a refrigeration system. This paper treats the suction,
discharge and liquid lines, although the considerations in the case of
the liquid lines are found to be somewhat different. In the liquid line
the most economical size of pipe is the smallest pipe that will still
allow the refrigerant to be 100% in the liquid state at the entrance to
the expansion valve,

The approach to this problem is perfectly general, although the graphs
and calculations made to facilitate selection may be used only with
Freon-12, This is also the case for the nomographical solution of the
equation for optimum pipe size which is presented to make pipe size sel-
ection an easy task,

The question of refrigeration pipe size selection has been investiga-
ted by many authors using several different approaches, In all cases,
however, it was found that these authors rely only on experience and rules

of thumb, In no instance could there be found an economic approach to the
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problem. This paper gives an analytic and accurate solution for the op-

timum size of pipe which will result in a minimum of total cost.



THE SUCTION AND DISCHARGE LINES

As previously stated the two prime factors influencing the selection
of piping for the suction and discharge lines are the cost of piping and
the cost of power to drive the compressor., These two factors are related
to one another through the pressure drop., It is the fact that a change
in pressure drop will alter these two costs in opposite directions that
makes possible an optimum solution. Actually we could solve for an op-
timum pressure drop for a refrigeration pipe line but a pipe size is of

much more significance to the designer.
Below are P-H diagrams showing the effect of pressure drop in both

the suction and discharge lines.
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Pressure drop in the suction line, Pressure drop in the discharge line,

Figure 1
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APs and APd are taken to be the pressure drops in the suction
and discharge lines respectively. It may be seen from these diagrams
that the additional increments of enthalpy that the compressor must add
because of the pressure drops are Ahs and Ahd.
We will let mg and my represent the theoretical B.t.u, per pound per

pP.S.i. of pressure drop that must be added by the compressor., Hence,

. Ahg . . Aby
" X, ’ T XE;

Determination of mg and my for the suction and discharge lines,

A}

It should be noted that m represents the slope of an isentropic line

on & P-H diagram.
Fron the Second Law of Thermodynamics we may write
dh = Tds + wvdp
Along an isentropic line ds = O so that:

(ah\ .
3P/s
From the above relation it can be seen that the slope of an isentropic

line on a P-H diagram is equal to the specific volume,

But h)
. o = e——
\.l' ap b

FT3 Uhv ;;':7!

M ®YV e = comee
“m J #f
m™e

The specific volume of the refrigerant, and hence m, was found to vary
with the pressure and degree of superheat. The values of m are plotted

for the suction and discharge lines on pages 6 and 7, respectively,
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We will now determine the annual operating cost, Y.
Let:

b = annual cost to compress refrigerant from evaporator pressure
to condenser pressure

(_: = increment in annual operating cost due to frictional pressure
drop

Y=Db+C
h = hours of operation per year
R = cost of electricity - cents per k.w.h,

isentropic compression efficiency - %

>

vy

o

[ ]

7y = mechanical efficiency - %
motor efficiency - %

3
g

w = refrigerant flow rate - lbs./sec.
The theoretical B.t.u. per second of power that must be added due to
frictional pressure drop is Hp.
Hl‘ = mmAP
The actual B.t.u. per second of power will therefore be H,.

_wnAP _ 778 wnaP
" 5% g T

The Kilowatts of power required will be:

. 118 AP
Q -5—56-(0.7146)

77:l¢vhl77nm1'.
Cm QhR 778 7146 mAP
" 550 g mot,
C = .01058 DEmAP

is 'M ‘mot
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hBwa AP
Y = b + ,01058 —D2BAE (1)
NN ot
Ne will let:
y o 20L058hAn
71 8MiMaot,
Then Y =b + UWAP (2)

The next step in the solution is to detemine an expression for the
cost of piping. In order to treat this cost together with the operating
cost, it is advisable that it also be put on the annual cost basis, Rec-
ognizing the time value of money this may be done by multiplying the first
cost of the piping by a capital recovery factor. This capital recovery
factor will depend upon the current rate of interest and the expected life
of the system., A table of capital recovery factors is given in the
Appendix, The 1life of the system may be taken as either the life of the
piping itself or that of the system as a unit if thaf is shorter. After
its useful life, the piping may have some salvage values as scrap.

The annmal cost of capital recovery may now be computed as follows,
let:

A = Amual cost of capital recovery - $

L = Length of pipe - feest

B = Cost per foot per inch of diameter (installed) - §
S = Salvage value per inch of diameter after n years - §
n = Life of system - years

i = Interest rate = percent

D = Diameter of pipe = inches
‘ i
(1 +1)2 -1

+ 1

K = Capital recovery factor =




Then:

A-ID[(B-S){ 1 +1}+51J
(1 +1)2-1

A-LD[K(B-S)+iS]

Let us assume that the salvage value can be expressed as a percent-

age X of B,
S = XB
A = ID (KB - KXB + 1XB]
A = IDB [K - KX + 1iX]
let:

Zse[K~K - 1X])
A = IDBZ (3)

The total annual cost T will now be the sum of the operating cost
plus the anmual cost of capital recovery.

T=Y+A (L)

T =b + UsAP + IDBZ (5)

At this point it would be desirable to derive an expression for the

frictional pressure drop in a pipe in terms of the variables involved,
We may start with the Fanning equation which atates:(l)
. LfL© ' 6)

P
A 22D

From the continuity equation it is seen that:

Vomde o ¥
AP e 2
V2- lfm2
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For smooth pipes or tubing such as copper, brass, glass, etc., the
following empirical relation has been proposed by Stocver.(l)
0.06
f= at Re from 4,000 to 1,000,000 (7)
It should be noted that this is the range of heynolds mumbers which
will be encountered in refrigeration piping.

pv ©
Re = A

0.0653 4422

fs=

Coabining these relations we arrive at our final expression for the
frictional pressure drop.

0.2 o774 228

af= o o7

Putting AP in lbs/in? and D in inches, we get:

AP = 6.02 w77 4y -228 8)

Substituting this in Equation 5, we get:

R TT 4 228

T=b+ 6,02

It should be noted that in the expression for Y and T, the increment in
annual cost C is included for only one line, The suction and discharge
lines must be solved for separately, and in solving for one, the incre
mental cost in the other will be treated as a constant. It, together

with b, will drop out when we differentiate the total cost with respect

to D,

i a0 - Dyt smemp



For wirimum total cost:

aT_ . o

+ LZB

.228 2.
AT L0 = .77 x 6.02 UL X w 217
4D ‘9 D5.77

.22 .

z _ © B
.228 ' .228
Lat e = 28,7 - 4 - -30Uhktn (.ﬁ.__)
zZ 9 (K = KX = iX](My Moot ) e

We may now write our expression for the most economical pipe size

diameter,

D5o77 - “:'77 | (10)
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THE NOMOGRAPHIC SOLUTION TO THE EQUATION FOk THE
MOST ECONOMICAL PIPE SIZk DIAMETER

0577 . el (10)
B
. +30LhRn ( w228 3
(K - Kx - meis x771( x77mo'l',] e

Let Bl = Cost per foot of pipe.
This is more convenient for our final graph since the cost data is given
by the manufacturers in this fom.

Equation (1) will then be:

2.77
By
This equation may be writte;n
L4.77 log D + log B = log @ + 2.77 log w (12)

Let log K= L.77 log D + log By
Then log K = 2,77 log w + log e
Or log e+ 2,77 logw= log K

xl-nlloge 3 Yl-m2(2.77logw) ; ZL'mBIOgK

Let: m; = 10
20
- = 7,220
K 2.77
m + m, 17.220

xp =101lcge ; y,=20logw ; Z) = L4.193 log K



X
v o 3
- 2]
4 o~ 5
a— 05 —
- (o]
o < o
" 1]
_ - ]
x N =
o e — P| Aty — g 1 S
P my 10

For P) +g; = 10"

10

Py = x 10 = 5,807"
17 7.2 5.807
7.22
-t x 10 = 4.193"
2 S

L.77 log D + log B, = log K

x; =m(L.77 ogD) ; T, = m log B, 5 Zy=Z = L.193 log K

Scale K will be used as the common line or factor in the two equations
2, = ;. This follows from the original equation in which we
fixed K:

L.77 log D + log B1 = log K=1log e + 2.77 log w

Lo
Let = = 8,386
W

my= W3 4193 « 2356 1 ; mg = 8.216
nh-bms 8.386*!!5
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X, = L0 log D Y, = 8.216 log By Z, = L.193 log K
P.
2 = % = 8’386 - 3

Pé = 30 3 g = 2.94n
Q
X o
o
[a) o - 3
v o —_ b L)
o 2 > N
o o = ©
< Al " o
.O_ " ;‘ >t:l o
”‘ : s 3 el D Q4 ".
X ) \ >
; 5.807 —t 4097 — -
] N \
e D K B, wW

The actual lengths of one cycle on the various scales will be in direct

proportion to the coefficients of the log termms. No scale need be put

on K since it is used only as a pivot line. The range and vertical

positioning of three of the four scales is completely arbitrary, but once

this 18 done the fourth must be done by a numerical computation of a point
on the particular scale,
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The use of the equations and nomograph will now be demonstrated by

the solution of a typical prdblem for sizing a suction line,

Assume
h = 2,000 hours of operation per year
R - 2 cents per k.w.h, for electricity
n = 20 years of life for system
i = .05 interest rate
X = ,02 salvage value at end of n years
7)1, - 75 iaent.rop:fc compression efficiency
77M = ,80 mechanical efficiency
77mot = 82 motor efficiency
Evapc.;ration temperature = 10°F and superheat = 60°F at entrance to

the compressor.,

Determine
The most economical size of pipe to use for the suction line on a

L—ton system (Freon-12),

F rom Table of Viscosities U = 768 x 10~8 f—ti-;e_c'
F rom Freon-12 Mollier Diagram P = -1'— = -]'.-]:'-5? = 6lS F%s
Fxam Graph my = 4
Fxram Table of Capital Recovery Factors K = 0,08024
°© - .30LhRu ( -228 ) .

(K - kx - u][”ishlﬂnot] e

— 304 (2,000)(2)(.k) 6.80
[ .o802L - ,0802L(.02) - (.05)(.02)}(.75 x .80 x ,82] 100 x .6LS
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e = 1.3 x 10°

Assuming a refrigeration effect of 60 .].3.:.;'_;2: the mass flow for l-ton

refrigeration will be:

B.t.u.
w = 200 T x_].'...‘g'.'.‘-.0556§£-
60 B.t.u, 60 Sec ec

By connecting the calculated values of w and e we obtain point (a) on

the K scale, Using this as our pivot point and our price data as a guide
we draw a line through (a) so that the diameter is as closs as possible to
its corresponding priée per.foot,

- For this case we find the most econou;ical diameter to be 7/8 inch.
NOTE: To be theoretically correct the price per foot should include the
exact cost of fittings and valves sinc.\e their price will vary with the
diameter. The equivalent length of the line should then be calculated-
and the cost per equivalent foot of pipe found. This should be done using
the above solution as a first approximation. The final diameter will vary
slightly from this owing mostly to the approximation made for the average

\

price including fittings as given in the footnote on page 19.



13,

TABLE I

SAMPLE PIPE COST DATA

m—— —s——— — m—— e ——————— Iy

0.D. ] Nallt P:;ce Averum; a* Installation® Total

Igi;:a Tﬁﬁﬁ:" Per ;oat. Incl ug::‘;g F:::tings Cost ger Foot Co;;o zer
3/8 .030 218 349 090 439 i,
/2 .03 319 510 .105 618 !
5/8  .04O A48 17 .80 897
3/ 0k2 57 .875 +300 1.175
7/8  .0u5 659, 1.054 20 L.L7h

11/8 050 909 1.L54 .510 1.964

138 .05 1.227 1.963 .780 2.743

15/8 .060 1.5L8 2477 .900 3.377

218 070 2.377 3.803 1.010 L.813

25/8 .08 3.368 5.390 1.350 6.740

31/8 090 4 .320 6.912 1.560 8.472

35/8 010 - 5.696 ° 9.4 1.800 10,91

4 1/8 110 | 7.143 11.429 _ 1.910 13.339

% a  This assumes that the fittings will amount to 60% of the pipe cost,

b This is based on labor at $3 per hour and hours per foot as rec-
ommended by reference, "How to Make your Job Estimates Detailed and
Accurate®, 1955-56 REFRIGERATION AND AIR CONDITIONING Catalog of
Catalogs by Commercial Refrigeration and Air Conditioning Magazine,

pp. 154-155,
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THE LIQUID LINE

The factors influencing the selection of a liquid line size are
somewhat different from those for a suction or a discharge line. The
prime consideration in selecting a liquid line is that the refrigerant
enters the expansion device 100% in the liquid state. Most expansion
devices depend upon this for proper performance. If an expansion de-
vice is supplied with a liquid vaper mixture, the capacity of the device
is greatly reduced, This would disrupt the operation of the entire
system. To prevent this, the pressure directly ahead of the expansion
device must exceed the saturation pressure corresponding to its temper-
ature, It is seen therefore that the available pressure drop for the
liquid line will depend directly upon the condensing température and the
degree of subcooling.

1. Refrigerant enters
PRESSURE DROP IN THE LIQUID LINE
liquid line,
2. Refrigerant enters

expansion device.

IAPl
o

3. Refrigerant begins

lad™
P s2
;& to change to vapor
-
3(‘ § phase,
S«

Figure S

The available pressure drop will consist of the following parts:
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APpyailable ® “Fpriction ¥ 2™iff. in Elevation *

A PSafety Factor (13)
The AP for friction and safety factor will be positive, but the

change in pressure due to the difference in.elevation may be either
positive or negative depending upon the relative positions of the con=-
denser and the expansion device. If the expansion device is located
above the condensing unit the AP will be positive, and if the expansion
device is loecated below the condensing unit the AP will be considered
negative., This AP due to the difference in elevation is often neg-
lected and may be the cause of a serious error in design. This is es-
pecially true if there is a very large vertical lift preceding the ex-
pansion device, The Freons as a group are heavy refrigerants with
Freon-12 having a pressure drop of approximately .57 p.s.i. per foot of
static liquid head., Values for other refrigerants are given in the
Appendix,

Equation (13) may be written in the form:

= (AP - AP -~ AP

AF Available S.F.) DIff . in Elev, (i)

Frietion
(or Net)

It is recommended that the term ( A PAvai.l. - APS F.

, and should at all times be at least 3 p.s.i. less than the
1.

) be taken as

I8P vay

available pressure drop. Values for the available pressure drop for
Freon-12 are shown for various refrigerant conditions by the graph on
page 2. Subtracting this from the first tem, we arrive at the AP

which may be allowed for the frictional drop.

o7, +228

-6.02.—1-):.—7-.; T(EC"UB)



22,

It is shown in the Appendix that the plots of density and viscosity
vs, temperature are very nearly linear. The tem « -228 may,

e
therefore, be written in the form:

w2 (000672 [.580 - .00061]) 228
e (149.15 - ,1261T)

(15)

This tem was found to be very nearly a constant at common liquid

line temperatures,

228
y73 = 1,70 x 1073

Y

This brings our equation for A PFr:lction into its final fomm:

AP # = 1,025 w77 (16)
in.2 - 100! pl.77

A graph of this equation is shown on page 26.

In this analysis it is assumed that the state of the liquid refrig-
erant is such that its pressure is high enough above the saturation pres-
sure to allow for the difference in elevation and some frictional pressure
drop. Thie however may not always be the case. As was previously em-
phasized, a large vertical lift may by itself exceed the allowable pres-
sure drop. In this case two altematives are possible, both of which
increase the available pressure drop. The first is to raise the dis-
charge pressure of the condenser. The second method is to use a heat ex-
changer to further subcool the liquid refrigerant. This second methed
seems by far the better of the two altermatives and is becoming common
in modern installations. A liquid suction heat exchanger will not only
help to subcool the liquid refrigerant but will further superheat the
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the suction line vapor which is desirable from safety standpoint. On
the other hand, increasing the discharge pressure of the compressor
will increase the operating costs and is to be avoided if possible,
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DISCUSSION AND CONCLUSION

We have derived in this paper an expression for the most economical
size of pipe to be used in a refrigeration line in terms of the variables
of our system. This equation was found to be:

2.7
plt-77 . ew (1)
. By
(K - KX= iX]1 Oullaot] @

where e =

The accuracy to which we are able to select the most economical
size of pipe will depend naturally upon how closely we are able to approx-
imate each of the factors in the equation., It is of interest to see how
the misjudgment of them might affect our choice of a diameter.

First of all it would be necessary to calculate the required mass
rate of flow w required for the desired tonnage at the desired evaporator
temperature. This might be done very accurately by sketching the cycle

on a P-H chart and determining the refrigeration effect, R.E., in E:.;“_'E‘.:...

200

w-#— = Tonnage X :@_
8sec RE

An approximation which is often made is using a refrigeration ef-
fect of 60 Boto¥: £or Freon =12 and 80 B.t.u. for Freon =22 .(3)
# 7

Let us assume that w wag approximated to be 5% too large. This would
2.77
result in an error of (1.05)} 77 =1 = .031 or 3.1%, Similar calculations

for the other variables in Equation (1) are given in a table below,
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sm—— —

% Error of Reflected Error

var. Given Variable in Diameter
w 5% 3:1%

e 10% 2%

By 10% 2%
ﬁ-c]).v:f 7.5%%

#Assuming none are compensating.

The cost per foot of pipe may be deternined from mamfacturers
price lists. It should include the cost of installat;on and all fittings
and valves because these will vary with the pipe size. This would,
therefore, have to be done after first getting a rough approximation
with the use of the nomograph.

Froalx the nomograpt_l it may be seen that the range of mass flow rates
is from .001 to 10 1bs ./sec. This corresponds approximately from .02
to 180 tons. The range of diameters covered is from .1 to 10 inches.,

It should be emphasized in high_tonnage systems requiring large diameter
pipe, extreme care is necessary. The price of fittings and valves used

in these systems is extremely high. In such cases it would probably be

advisable to make a complete economic study.

In the solution for the liquid line it was stated that the most
econonical sigze of pipe is the smallest size that wquld still insure
1004 liquid at the entrance to the expansion device, It might be
argued, however, that the ayailable pressure drop might be increased by
raising the condensing temperature, This however we are asisuming to be
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fixed at the optimum condensing temperature and this has been shown
by several authors to be a function of the cost of water for cooling
the condenser and the cost of electricity to run the compressor. A
combination of studies of the liquid line size and optimum condensing
temperature might be possible but is beyond the scope of this thesis,

It is admitted that in the past many authors have treated the
problem of sizing refrigeration lines. Under typical conditions their
solutions would probably prove to be quite adequate. Th:lé is so because
in all cases they are based on arbitrary rules formed from past experience.
Blindly following these rules, however, may lead the designer into serious
trouble,

It is of interest to note that the diameter found in the sample
solution for the suction line is the same as would be obtained using the
methods of reference 1 and 3, However, over the past twenty years, the-
price of electricity has remained about constant whereas pipe costs have
more than doubled. This indicates that using these methods in the past
would have resulted in undersized pipe. The reader may conclude that,
if we are to continue to select pipe by these arbitrary methods, the
time will soon be here when we must revise our rules of thumb, We will
no longer be able to use rules formulated under an entirely different
s