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Abstract

This doctoral thesis presents the experimental results along with a suitable
synthesis with computational/theoretical results towards development of a reliable heat
transfer correlation for a specific annular condensation flow regime inside a vertical tube.
For fully condensing flows of pure vapor (FC-72) inside a vertical cylindrical tube of 6.6
mm diameter and 0.7 m length, the experimental measurements are shown to yield values

of average heat transfer co-efficient, and approximate length of full condensation.

The experimental conditions cover: mass flux G over a range of 2.9 kg/m?-s < G <
87.7 kg/ m?-s, temperature difference AT (saturation temperature at the inlet pressure
minus the mean condensing surface temperature) of 5 °C to 45 °C, and cases for which

the length of full condensation Xgc is in the range of 0 < Xgc < 0.7 m.

The range of flow conditions over which there is good agreement (within 15%)
with the theory and its modeling assumptions has been identified. Additionally, the
ranges of flow conditions for which there are significant discrepancies (between 15 -30%

and greater than 30%) with theory have also been identified.

The paper also refers to a brief set of key experimental results with regard to
sensitivity of the flow to time-varying or quasi-steady (i.e. steady in the mean)
impositions of pressure at both the inlet and the outlet. The experimental results support
the updated theoretical/computational results that gravity dominated condensing flows do

not allow such elliptic impositions.

XVii



1. Condensation

1.1 Dimensionless Parameters in Condensation

1.1.1Nusselt Condensation

It is important we non-dimensionalized the governing equations to identify
appropriate dimensionless groups. This will help our understanding of related physical
mechanisms and later help us to propose a simplified procedure for processing

experimentally obtained heat transfer results.

By applying the Buckingham pi theorem for condensing stagnant vapor in a
vertical wall (Nusselt problem?) suitable dimensionless parameters are obtained. The
convection coefficient h can be considered to be a function of the temperature difference
AT = Teat — Twan between the working fluid saturation temperatures Ts; and the
condensing surface temperature Tyan, the buoyancy force g(p; — pv), resulting from the
vapor and liquid density difference, the latent heat hyg, the characteristic length L, the
surface tension o, and the thermodynamic properties (density p, specific heat cp, thermal

conductivity k, and viscosity p) of the condensate. This dependence is given as:

h = f (AT, g(pl - Pv), Hf91 L1 Ga pa Cp’ k’ H)

For g equal to constant, separate acknowledgement of p and specific heat c,

(because sub cooled can be ignored) can be neglected. That is:

h=f (AT, 9(pi— pv), htg, L, 6, k, W)........ (1.1)

Since there are 18 variables and 4 fundamental dimensions/units (K, s, kg, m),
represented by AT, L, p, u, we have (8 - 4) = 4 pi groups. Applying of pi theorem then
yields:



hL_ pg(p — py)L’ Mhg g(p1 — p2)L”
k e Tk o

Where the dimensionless groups are:

hL
~ = Nug (Nusselt number)

He
Tp = Pr (Prandtl number)

Cp AT
L - (Jakob number)

- L2
g(P1—p)L” = Bo (Bond number)

Therefore, the Nusselt number can be a function of:

pg(py — pz)L3

Nu, =f 2 ,]a, Pr, Bo

As we can see in this reduced form, the Ja number is the ratio of the maximum
sensible heat absorbed by liquid to the latent heat absorbed by the liquid during
condensation. The Bo number is the ratio of the buoyancy force to the surface tension

force.
1.1.2Gravity Driven Flow Condensation

For gravity driven internal flow condensation, with average inlet duct speed U,
are often modifies (1.1) as:

h = f (AT’ g(pl - pV)l L1 G, ka K, cp, Pvs HV)

and obtains:



hL

_ ¢ [pelp1—pv)L? Iy Pv
=t Ja, Pr,Rein, 2,22 ...(2)

HZ
1.2 Modes of Condensation

If the vapor temperature is reduced to below its saturation temperature,
condensation occurs. In the industry, this process is achieved from contact between the
vapor and a cool surface (Figure 1.1a and 1.1b). The latent heat of the vapor is released, it
is transferred to the cool surface, and the condensate is produced. An alternative mode is
the homogeneous condensation (Figure 1.2), where vapor condenses as droplets

suspended in the gas phase and therefore fog is formed.

%

Vapor > Vapor

Wall Wall Drop

/

Film

(a) (b)

Figure 1.1: Modes of condensation schematics.



Figure 1.2: Homogeneous condensation schematics.

When the condensing surface is coated with a substance that inhibits wetting, a
drop wise condensation will be developed (Figure 1.1b). The drops are initiated in pits,
cracks, and cavities on the surface then growing and coalescing through continued

condensation.

The condensate creates a heat transfer resistance between the vapor and the
surface. This increases with the film thickness. In terms of sustaining high heat transfer
rates, droplet formation is superior to film formation however, due to oxidation, fouling
or outright removal, coatings gradually lose their effectiveness and for that reason it is

not seen such type of surface so often.



1.3 Laminar Film Condensation on a Vertical Plate

(Nusselt Analysis)

The film begins at the top of the plate (Figure 1.3) and flows downwards driven
by gravity. The condensate mass flow rate m, and the thickness & increase with x. The
temperature at the liquid-vapor interface is Ts. The surface temperature is always lower
than the saturation temperature at the vapor pressure. In the most real condition, vapor at
the inlet is superheated, and may be part of a mixture including one or more
noncondensable gases. Also, there is a finite shear stress at the liquid-vapor interface
which contributes to a velocity gradient in the film*®. However, in Nusselt analysis

discussed here, it is set to zero (i.e. shear stress at the interface has negligible effect).

Figure 1.3: Laminar film condensation on a vertical plate.

Solutions may be obtained by making further assumptions that originated with an
analysis by Nusselt®. The first one is that the flow is laminar and properties are constant.
The next assumption is that the gas is pure vapor and at a uniform temperature Ty There
is no temperature gradient in the vapor flow. The heat transfer in the liquid-vapor
interface is solely due to condensation and not by conduction from the vapor. It is also
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assumed that the condensate film is thin and there is negligible momentum and energy
transfer by advection in the condensate flow. Figure 1.4 shows the film conditions

resulting from the assumptions for the Nusselt analysis.

<YV

XY
0(x)

{ ﬂ (%)

il % 7 Vapor ¢

T o <«— | <— dg=h,dm

g ”4_ | da da \— dm
Wall qbdy. =—_______
Lfgy L]} Vocty oy
m+dm

au
22 -o

oy,

Ts i i Thermal boundary
layer in the film

= Tsat

Liquid \

Figure 1.4: Film conditions from assumptions.

When momentum advection terms are neglected, the x direction momentum

equation is simplified as

Where X is the body force equal to p;g. The pressure gradient may be
approximated as zero or one which leads to zero motion in the vapor, in which case,

(dp/dx) = p\g. Therefore:

__9,. _
a2 - uz(pl Pv)

Now, by integrating and applying the boundary conditions (u(0) = 0 and Ou/0y|,-s
=0) we get



9(p1 — pz)8? 1 (y)z] 1.2)

un) == 55 G

From here, a mass flow rate per unit width can be obtained as a function of an

integral involving velocity profile

m(x)
b

5(x)
=f pru()dy = I'(x) (13)
0

Substituting for u(y) from equation (1.2) from equation (1.3) we have

- Py 53
o = gpz(pzsmp ) (1.4)

Next we analyze the differential element in Figure 1.4 for energy conservation.
Note, at a portion of the liquid-vapor interface (unit width and length dx), the rate of heat
transfer into the condensate, dg, must be equal to the rate of heat released due to

condensation at the interface. Therefore:
dq = hggdm (1.5)

Because advection in the thin moving condensate can be neglected, the heat

transfer through the interface must be equal to the rate of heat transfer to the wall. That is:

dq = q¢ (b - dx) (1.6)

Because of a linear distribution of the liquid temperature, Fourier’s law may

applied to express the surface heat flux yields:

(Tsat TS)
R (1.7)

Equations (1.3), (1.5), (1.6) and (1.7) together yield

dr by

dx (Shfg (Tsat TS) (1'8)

Also, by differentiating Equation (1.4) we get
7



dr _ gpi(pi — py)8*dé

== m - (1.9)
Combining (1.8) and (1.9), we have
53ds = kiy (Tsqe — Ts) dx
IhrgPi(P1 = Pv)
Integrating this equation from x = 0 to x with 8(0) = 0, we get:
4k (T Ts) %
- X
o) = [g/l)ft(lpz Sjtpv)hsfg l (1.10)

Later Rohsenow* included the thermal advection effects by proposing that a
certain term added to the latent heat of vaporization can be adequate. Instead of using hyg,

Rohsenow* recommended using a modified latent heat, hsy” = h¢g + 0.68Cp 1(Tsat — Ts).

Recently, Sadasivan and Lienhard® have stated that the modified hsy” also depends

weakly on the liquid Prandtl number.
From Equation (1.7), the local convection coefficient is obtained as

h, = k
¥ 8(x)

Rearranging Equation (1.10) with the corrected h¢g, and inserting in the equation
above for hy, one gets

1
lgpz (p1 — Pk} h}gr‘
h, =

1.11
4/11(Tsat - Ts)x ( )

Since

— 1t 4
hL:z_fohxdnghL

One arrives at the result:



1

B = 0.943 Igp lil(?;s;p_” )gff gr (1.12)
The average Nusselt number is
1 73 1
Nu, = 0.943 [gi llgs l(;s :Z ”zh;f)L ' (1.13)

It is important to remark that all liquid properties (with sub index 1) must be
evaluated at the film temperature i.e. Tf = (Tsa + Ts)/2, and hgg should be evaluated at T,.
Also note that the non-dimensional parameters on the right side of (1.13) are consistent

with the dimensional analysis result in Equation (1.2).

Sparrow and Gregg® performed a more detailed boundary layer analysis of
equations governing film condensation on a vertical plate. Their results have shown that
errors between their results and Equation (1.12) are less than 3% for Ja<0.1 and 1 <Pr <
100.

The expression can be also used for vertical tubes only if the radius is much larger
than the thickness of the film.

This thesis and Mitra® et al. show later that, for the gravity dominate forced
convection experiments reported here, Nusselt result in Equation (1.12) continues to hold

because vapor motion and interfacial share effects are negligible.

1.4 Turbulent Film Condensation

Turbulent flow may exist in film condensation if the condensate is allowed to
thicken and speed over a sufficient long length of the plate. Let’s consider the vertical
surface of Figure 1.5a. The transition criterion may be expressed in terms of a Reynolds

number defined as:



R 4r
es = —
d 28]

Here p is the viscosity of the liquid and I" is the mass flow rate per unit width
I =

m
b

However, the condensate mass flow rate can be expressed as

m = pju,,bé
Thus
4p,u,,8
R65 — PiUm
2]

Here py is the density of the liquid, uy, is the average liquid velocity, b is the
surface width and 9 is the film thickness which in this particular case is the characteristic

length.

b— ]

Laminar
Wavy-free

—F—— Res= 30

Laminar
Wavy

— 1 Re; = 1800

Turbulent

(@) (b)

Figure 1.5: Schematic of a turbulent film.
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As we can see in Figure 1.5b, it is usually at Reynolds number estimated that if
lower than 30, the film is laminar and wave free. As the thickness increases, it develops
ripples and waves but the condition remains laminar, and when Reynolds number is

approximately greater than 1800, the flow can be assumed to be fully turbulent.

In the region, where we have a wave free laminar flow

_ 49 (o = py)8°
3uf

Res (1.14)

Assuming that the liquid density is heavier than the vapor (p; >> p,) and
substituting from Equation (1.10) and then from (1.12), Equation (1.14) can be expressed

as

1

hy, (V33 _
Co = k_L<§l> = 1.47Re; "/ for Res < 30
l

For the laminar wavy region, Kutateladze’ recommends

1

‘ -i(3) - g 30 < Res < 1800
° "k \g) T 108Re}Z 52 for 30 < Res <

For the turbulent region, Labuntsov® recommends

W=

hy (v} Res
Co=-—\—| = - 0.75
ki\g) ~ 8750 + 58Pr—95(Rel75 — 253)

for Res > 1800

Here Co is the condensate number.
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1.5 Other Models for Laminar Wavy Region with

Interfacial Waves

When Reynolds number (Re=I"/p) exceeds a critical value, it has been observed
that the interface becomes wavy, however the condensate film is laminar. Kutateladze’
evaluated this value for different fluids and found out that ripples become visible if
Reynolds number is greater than 7.5. When such ripples emerge, the heat transfer
coefficient is enhanced. In his experimental results, Kutateladze concluded that the heat

transfer coefficient can be approximated as
h, = 0.8Re%11p,
Where
h; is the average heat transfer coefficient from Equation (1.12)

hy is the average heat transfer coefficient with ripples
White? proposes the following correlation attributed to Kutateladze for

7.5 <Re <450

Re

Co =
0= 147Re12z2 13
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2. Literature review

2.1 Introduction

Heat transfer for condensing flows of pure vapor inside a vertical tube depends on

flow regimes, inlet, exit and wall conditions. Figure 2.1 shows two schematics of a

vertical in-tube condensation.

I Super heated 1 Super heated
$H vapor ;H vapor
Mist I Mist i
Cooling i Cooling !
surface ||| | surface || | |
3 Annular 3 Annular
Liquid ! Liquid !
Vapor 3 Vapor !
| | Annular
| | wavy
‘ Annular Bubbles i
! wavy !
| Plug and
: slug
Liquid i 0%0
vapor [ i Sub-cooled
mixture | f liquid
(a) (b)

Figure 2.1: (a) Partial condensation. (b) Full condensation.

As condensation occurs along the vertical tube, the amount of condensed fluid

increases with distance and eventually it can either leave the tube as a mixture of vapor
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and liquid (partial condensation in Figure 2.1a) or as pure liquid (complete condensation
in Figure 2.1b). This flow, starts from the top of the condenser as an annular laminar flow

and it may be followed by wavy, turbulent, slug, and plug flows.

For vertical tubes, the annular flow regime is known to be the dominant flow

21011121314 | the annular

regime, being present over most of the length of condensation.
flow regime, condensate develops on the inner periphery surface of the tube. When the
inlet vapor speed and cooling conditions are within certain boundary (Mitra et al.?), the
condensate flow is driven primarily by gravity and interfacial shear effects can be

neglected.

In the reported experimental work, annular wavy laminar flow regime, (Figure

2.1) was seen for a large number of runs.

2.2 Analytical Studies

Nusselt? was the first to analyze the film condensation on a vertical plate. In his
solution, he assumed laminar flow regime. He also assumed that the thermo physical
properties of the vapor and fluid were constant. The condensate sub cooling, momentum
and interfacial shear stress were considered negligible. He also presumed temperature

profile in the film as linear.

Jakob'® was one of the first to remark a high deviation of the Nusselt analysis for

experimental results corresponding to a turbulent flow regime.

Likewise, Akers and Rosson®® showed that the Nusselt analysis may not be valid
when the effects of the liquid sub cooling or vapor shear are significant as well as when

turbulent condensate flow is present.

Koh*' presented numerical solution to a system of differential equations (under
boundary layer approximation) of mass, momentum and energy balance for condensation

over a flat plate. The equation included inertia and convective terms. His results showed
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that, for a thin film and Prandtl number smaller than 10, the condensate velocity and
temperature profiles are essentially linear. He also showed that neglecting the convective
terms in the energy equation significantly underestimated the heat transfer rates for
higher Prandtl numbers.

Shekrilasze and Gomelauri*® expressed some doubt about Koh’s results regarding
the effect of the inertia forces and the convective terms on the condensation heat transfer
rates. On the assumptions that the temperature profile is linear and the inertia forces are
negligible, a model of condensation on a flat plate was developed. They assumed the
interfacial shear stress equal to the momentum associated with the condensing vapor for

high vapor velocities.

2.3 Recent Studies

There are quite a few existing experimental papers with condensation in vertical

19,20,21,22,23,24

tubes and passages which involve a number of pure fluids. Also there are

19-24

several heat transfer correlations™ " which have been developed to cover various

different realms of internal condensing flow physics (including those involving horizontal
and vertical tubes). The experiments as well as the correlations in the literature'*?* cover
a rather large set of internal condensing flow regimes and associated flow physics. For
example, condensing flows in the literature involve: shear driven to gravity driven
condensate motion (inside horizontal to vertical tubes and channels), laminar to turbulent
nature of the flows in the vapor phase, and laminar (with or without waves) to turbulent
(wavy) nature of condensate flows, and annular to various non-annular (plug/slug,
bubbly, etc.) liquid/vapor interface-configuration patterns (also termed liquid/vapor
morphologies). One of the goals of these types of investigations has been to synthesize
analyses and experiments to provide reliable order of magnitude estimates for average
heat transfer coefficients over the large set of flow physics conditions associated with
condensing flows. In addition to the above, there are also modern condensing flow

experiments for flows in pm-mm scale ducts.>?*?” These newer experiments typically
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involve shear driven and laminar condensate motion and exhibit even a greater variety of
liquid-vapor morphologies (injection annular, plug/slug, etc.) for different steady/quasi-

steady and oscillatory realizations of these flows.

In the above context, the goal of the reported experiments is to use a reliable
synthesis of experiments with computational/theoretical results obtained for a specific
flow physics category and to develop a reliable heat transfer correlation (s) for the chosen
category. In this thesis, gravity driven flows with laminar wavy and annular condensate
flows are investigated. The theoretical/computational results® and its synthesis with
experimental results reported here is, to begin with, for the flow physics category of
laminar condensate and laminar vapor (in the near interface region) flows which are
annular with small to moderate waviness. The theoretical/computational results in Mitra
et al.® do not employ any ad hoc models (as in Cavallini,?® Dobson®* and Coleman®’) for
interfacial shear stress, pressure gradient, condensate turbulence, etc. Results from this
approach, in conjunction with experimental result are used to define flow physics
boundaries. This is done by considering experimental data that agree with the theory in
Mitra® as well as data that systematically deviates from the flow physics assumptions
underlying the theory. Therefore this approach identifies nearby flow physics categories
for which the agreement is not good and one needs to properly model the interactions
between the vapor flow in the “near-interface” region and the condensate waviness
associated with laminar or turbulent condensate flows. Over the identified regime of
disagreement with theory, the “near interface” vapor flow and condensate waviness
interactions are strong enough to significantly enhance the heat transfer rates compared to
the laminar/laminar (with or without waves) approach.® The eventual goal of this type of
experiment/theory synthesis is that if one wants more accurate flow prediction tool and/or
correlations, one should be able to develop (through appropriate synthesis of experiments
and analysis) the theory and requisite correlations for other specific categories of
condensing flow physics. The ability to develop this synthesis for laminar/laminar
annular flows is presented here and, with the help of more and appropriate experimental
data, the way to accomplish the same for more complex nearby flow-physics categories

(such as cases involving significant interfacial waviness) is also outlined.
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Another objective of the reported investigations is to develop an experimental
flow control strategy that helps us understand the role of boundary-condition sensitivities
associated with different impositions of quasi-steady or time varying pressure-differences
across the condenser. The presented experimental investigations have sufficient number
of flow controls that allow one to independently vary the inlet mass flow rate M;,,, inlet or
exit pressures, and vapor to condensing-surface temperature difference AT. The exit
condition for the condenser is specified by exit pressure through appropriate flow control
strategies. Due to an error in some of our earlier results?®**%%3! for gravity driven partial
condensation flows inside a vertical tube, we wrongly stated that condensing flows are
generally “elliptic” because, for a given set of inlet and wall conditions, one can always
impose different steady exit conditions and achieve different steady annular flows. The
corrections on these earlier reported theory and computations have been recently made in

Kulkarni et al,*

and we find that there exists sensitivity to boundary conditions (termed
“parabolic sensitivity” in Kulkarni®?). But the sensitivity is limited mostly to certain cases
involving shear/pressure driven flows and presence of time-varying fluctuations at the
inlet pressure which lead to different non-natural steady pressure-difference®* for a
given quasi-steady mass flow rate and cooling conditions. It is reiterated that this
sensitivity is limited only to shear driven or mixed driven (partially shear and partially

gravity driven) internal condensing flow situation.

The experimental and theoretical results confirming “subcritical” and
“supercritical” parabolic sensitivity for shear driven flows (whether they occur in um-
scale ducts or perfectly horizontal channels or zero-gravity duct flows) are reported
separately in Kulkarni.*” These results are of enormous significance in properly ensuring
repeatable realizations of annular/stratified shear driven flows — which happen to be less
repeatable and robust than the gravity driven flows reported in this thesis. The shear
driven flows’ parabolic sensitivity results are also important in understanding the greater
variety and complexity of shear driven condensing flows’ liquid/vapor morphologies -
such as those observed in large diameter horizontal tubes (see Carey*®) and in um-scale
ducts.?>?2" Improper or inadvertent imposition of inlet or exit pressure conditions in the

34,35,36

presence of fluctuations may also be the cause for various flow transients observed
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for “mixed” or purely shear driven internal condensing flows in horizontal tubes.
Furthermore, as theoretically and experimentally shown in Kulkarni,* availability of
suitable time-periodic fluctuations in flow variables (mass flow rate, inlet/outlet
pressures, etc.) is key to enabling multiple pressure-difference impositions that,
independent of any impact on mean flow rates, affects condensate thickness and leads to
different quasi-steady shear driven annular flows with large changes (> 200 %) in heat

transfer rates.

It is shown here that gravity driven and gravity dominated internal condensing
annular flows (see Mitra et al. for the definition of this flow) do not allow externally
imposed changes in self-selected pressure difference conditions if inlet pressure, inlet
mass flow rate, and condensing-surface thermal conditions are specified (i.e. the problem
is “parabolic” with insignificant sensitivity to presence of compressor-induced
fluctuations on the mean inlet pressure). Most of the vertical tube cases reported here fall

in this gravity driven and gravity dominated annular internal condensing flow category.

Since this thesis deals only with gravity dominated flows and Kulkarni®* deals
only with purely shear/pressure driven flows, we expect that our planned future
experiments dealing with mixed driven flows will exhibit parabolic-sensitivity behavior

that is intermediate between these two limiting cases.
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3. Experimental facility

3.1 Primary Cooling Water Loop

3.1.1Loop

In order to keep the test section wall at a constant and nearly uniform temperature,
a primary cooling water loop is installed (Figure 3.1). Its components consist of a
centrifugal pump, a filter, a flow meter, a tank/reservoir and a heat exchanger. This last
part is responsible for transferring heat from this loop to the secondary cooling water

loop.
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Figure 3.1: Schematic of the primary cooling loop.
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3.1.2Loop Components

The pump (see Figure 3.2) is designed for a continuous operation. According to
the technical specifications from the manufacturer, it is a 3/4 HP class 1 pump. It is rated
for 65 GPM flow rate at 30 ft head (13 psi). It has a 2 inches suction diameter and 1%

inches discharge diameter.

Figure 3.2: Pump utilized for the primary cooling loop.

The total dynamic head, TDH, the energy that the pump imparts to the liquid in
this closed loop operation, takes into account differences in pressure, liquid elevation,
friction losses, pressure drop through instrumentation and flow velocity between the inlet

and the outlet of the pump.

In this particular case, this pump only needs to overcome frictional losses | the
closed loop. This is important to note because we are looking for a high flow rate with
minimal frictional losses in order to achieve a constant wall temperature inside the test
section. In other words, heat coming into the coolant flow (from condenser) plus heat
generated by frictional loss together must be removed by the heat exchanging to the

secondary loop.
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The pump’s electric motor is single phase asynchronous type. Its bearings need to
be lubricated. This pump is mounted at the lowest point of the line and therefore we don't

expect major problems such as cavitations.

It is important to mention that a previous pump installed in this loop was
oversized and heat generated due to fluid friction was very significant. The new pump’s
power is such that we get high volume flow rate at a low head just enough to overcome

the friction losses in this loop.

Figure 3.3: Water filter used in the primary cooling loop.

The water filter WF-401 (Figure 3.3) has a larger housing and cartridge that
provides high dirt holding capacity. Both the housing and the cartridge are made of FDA-
grade materials. The filter includes a pressure-release button for safe cartridge
replacement. This filter can work with any double open-end (DOE) filter cartridge with
the same OD and length. Its connections are 1 inch pipe size NPT females. This filter can
stand a maximum flow of 10 GPM, maximum pressure of 100 psi and maximum
temperature of 100° F. The housing for the filter cartridge has a 7-1/4 inches of diameter
and 13-1/8 inches of height. The filter cartridge material is polyester, micron rating of 50

and has 4-1/2 inches of outside diameter and 9-3/4 inches of height.
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Figure 3.4: Water flow meter installed in the primary cooling loop.

The FLR-401 water flow meter (Figure 3.4) flow range is 1 - 7 GPM and has a
transparent body so flow can be monitored in addition to reading the scale. It has a shock-
resistant spring-loaded piston so it can be mounted horizontally, vertically, or at any
angle. The dual scale shows flow rate in both gallons per minute and liters per minute.
Body is polysulfide, O-rings are Buna-N and accuracy is £5%. Maximum pressure is 325
psi at 70° F. This flow meter has 1 inch pipe NPT female fittings. The maximum

temperature at which this can operate is 250° F.

The tank/reservoir (Figure 3.5) is located on the top of the system. This is part of

the loop and is used to remove any trapped air bubble in the primary cooling water loop.

Figure 3.5: Water tank mounted at the highest point of the primary cooling loop.
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In the past, bubbles were trapped and, as a consequence, noise and cavitations
developed in the pump. The cone-shaped bottom of this tank is sloped to ensure easy and
complete drainage. It is made of polyethylene (with cover) and has a 19° bottom slope
with seamless, heavy-wall construction, and rounded corners. It has a loose-fitting cover
and PVC NPT female drain fitting with EPDM gasket. The maximum temperature that
this can stand is 140° F. Its translucent material allows an indirect view of the liquid
level. The rated capacity of this tank is 5 gallons and has a body diameter of 12-1/2
inches with a height of 15-1/8 inches. The tank wall thickness is 3/16 inches. The drain
fitting is a 1%z inch NPT(M).

Figure 3.6: Heat exchanger used at the cooling loops.

The heat exchanger (HEX) has a compact design that allows maximum thermal
efficiency. This is a sanitary heat exchanger (Figure 3.6) that meets all cGMP and ANSI
standards. It is constructed of 316L stainless steel with nickel-chromium vacuum-brazed
joints. The total heat transfer area is 0.803 m?. The temperature range for the shell side is
-60 to 232 °C, the tube side -25 to 205 °C, and the maximum operating temperature is
425 °C. The shell volume is 0.0788 m* and the tube volume is 0.042 m®. The shell inner
diameter is 1 inch NPT (F). This heat exchanger is designed to ensure efficient thermal

control for process requirements.
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Figure 3.7: Pressure gauge installed at the exit of the pump.

A pressure gauge (PG-401) is installed after the centrifugal pump. This
measurement of the pump exit pressure allows us to monitor the pump performance. The

scale of this instrument is O - 60 psi (Figure 3.7).

Figure 3.8: A typical ball type valve utilized in this loop.

The V-401 valve is incorporated and used for pump water purge. This valve
(Figure 3.8) is used for emptying the primary cooling water loop. To serve this purpose,

this valve is located at the lowest point of the primary loop.

Flexible tubing was used for the primary coolant loop. In all cases, large diameter
tubing (1% inches) with high temperature and pressure resistant materials were selected.

To accomplish the highest performance for the primary cooling water loop design, this
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tubing choice allowed low pressure drop due to fluid friction. For this reason, there is no
valve in this loop and all connecting lengths were sized to be as short as possible. Due to

its location, VV-401 does not interfere with the flow.

3.1.30peration

Once primed with water, the loop (Figure 3.1) is operated by just turning on the
centrifugal pump. A fixed water flow rate is attained and no water temperature control is
feasible without the heat exchanger and a secondary coolant loop. It is important to use
distilled water for this loop. In the past, tap water was used and this resulted in significant

amount of corrosion inside the jacket of the test section.

3.1.4Recommendations on the Primary Loop

Another pressure gauge is recommended to be installed on the upstream side of
the centrifugal pump. This is to allow measurement and verification of performance of
the pump. Current flow meter FLR-401 should be replaced by a higher scale flow meter

due to a higher volume flow rate this loop is currently developing.

3.2 Secondary Cooling Water Loop

The secondary loop involves two independent cooling water loops. A loop for
heat removal from the primary loop is called Koolant secondary cooling water loop. This
loop is run through a water chiller of brand name Koolant. Another, but a separate loop
for heat removal from different portions of the loop other than the test-section (such as
the accumulator, the auxiliary condenser, the temperature bath surrounding new
evaporator, etc.) is called Teca secondary cooling water loop. Again, this second loop is

also run through a water chiller, in this case brand Teca.
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3.2.1Koolant Water Chiller Loop Components

Mainly designed to control the cooling water temperature in the primary loop, this
loop (Figure 3.9 and Figure 3.10) has a 5000 BTU/hr capacity chiller, a three-way valve,
a filter, a heat exchanger, a rotameter, a rope heater, a variable transformer, a pressure

gauge, 2 temperature sensors and 5 ball valves.
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Figure 3.9: Schematic of the Koolant secondary cooling water loop.
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Figure 3.10: A picture of the Koolant water chiller installed in the secondary cooling
water loop.
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The chiller (Figure 3.10) has a hermetically sealed compressor for its refrigerant,
a high pressure vane-type positive displacement re-circulating pump, a built-in digital
temperature controller of process fluid temperature and submerged copper coil evaporator
which is less susceptible to damage caused by accidental freezing. The rated power for
this model is 1.5 kW at 18 °C. The pump flow at 50 psi is 2 GPM. The maximum rated

amp is 13 A. Its reservoir holds 7 gallons of coolant.

Figure 3.11: A picture of the customized three way valve.

The three-way valve (V-501 in Figure 3.9) is a custom designed valve. In order to
have an efficient flow control in this loop, a valve that has a low pressure drop was
necessary to be utilized. Originally designed to be actively controlled with a servo motor,
(Figure 3.11) it is made of brass with % inches inlet and 3/8 inch outlet NPT (F) ports.
Currently, this valve is manually operated. This valve was designed, built and mounted

by Michael Kivisalu.
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Figure 3.12: Water flow meter used in the secondary cooling loop.

The FLR-501 (Figure 3.12) rotameter for water flow measurement has a 5 GPM
full scale with an accuracy of 2%. It has an acrylic tube, a type 316L stainless steel float
and rod, and ethylene propylene (EPR) O-rings. The maximum pressure is 116 psi at 70°
F. The minimum temperature is 33° F and the maximum temperature for water is 130° F.

It has 1/2 inches NPT (F) pipe size connections.

The rope heater (RH-501 in Figure 3.9) wrapped on the outer surface of the heat
exchanger (Figure 3.6) has a maximum heat output of 125 W. This was ideal for spot
warming metal pipes and situations involving odd shapes. This heating element was
necessary to allow rapid attainment of steady state in situations where higher coolant

temperature was required.
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Figure 3.13: Typical rope heater used at the exit of the evaporator.

This heater (Figure 3.13) is single phase and made of resistance wire covered with
a fiberglass braid. Leads on each end permit easy connection to a power source or a
voltage controller. To prevent burnout, rope was not overlapped and to ensure full contact
with the surface being heated a high temperature epoxy was applied. This rope is 0.165"
thick and operates on 120 VAC. Exposure temperature range for the heater is from room

temperature to 900° F. This is a UL recognized and CSA certified device.

In order to power the above heater, a variable transformer (VT-501) is utilized.
This power supply (Figure 3.14) is rated for 7.5 A and is a single phase type transformer.
Input voltage is 120V and output voltage can vary between 0 to 140V. The rated power is
1 kW. It has a case, Cord, Plug, Switch, Light, Fuse and Receptacle.
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Figure 3.14: Picture of a variable transformer used to control heating power.

The technical specification for the (HEX) heat exchanger is already described in
the Primary Cooling Water Loop section. The water filter (WF-501) installed in this loop
is the same of the one installed at the primary loop (WF-401). All 5 valves are WOG ball
type with 3/8 inches NPT (F) connections. Flexible but high pressure resistant clear tubes
of 5/8 inches inner diameter were utilized in this loop. Brass barbed fittings suitable for
this dimension were used as required. To ensure good performance, insulating foams

were applied on tubes where cooling water was flowing.

A pressure gage of 160 psi full scale (PG-501 in Figure 3.9) is installed after the
Koolant chiller in order to verify flow pressure at the exit of the positive displacement
pump (located inside the chiller). Temperature sensors (RTD) are installed to monitor
cooling water heat transfer rate in the heat exchanger. RTD-411 and RTD-412 are located

at the inlet and exit of the heat exchanger respectively.
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3.2.20peration

By turning on the Koolant chiller the built-in positive displacement pump drives
the cooling water flow through this water filled loop. At the same time, Koolant inner
refrigeration unit starts functioning to cool down this cooling water flow until it reaches

the set point temperature. At this point, the operator may input a desired set point value.

Volume flow rate to the heat exchanger may be adjusted though the 3-way valve
(V-501 in Figure 3.9). The by-pass valve (V-502 in Figure 3.9) should be opened all time
during operations as well as drain valves (V-504, V-505 and V-506 in Figure 3.9). For
maintenance work, all drain valves must be opened and water filter (WF-501 in Figure

3.9) cartridge must be replaced as needed. Always use distilled water for this loop.

Some operating conditions may require the use of the rope heater RP-501 (for
high wall temperature cases). In such situations, variable transformer VT-501 is available
for this purpose.

3.2.3Recommendations

A valve after WF-501 may be installed to let filter be removed for maintenance
without draining water from the loop. A servo motor is desired to be mounted on V-501
for its control and this will implement of finalizing the original idea of active control. A
band heater, instead of a rope heater, will be more suitable for heat supply at HEX (in
Figure 3.9).

3.2.4Teca Secondary Cooling Water Loop

This was mainly designed to control the cooling water temperature at the auxiliary

condenser, the accumulator, and the water bath for a new evaporator. This loop (Figure
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3.15) has a 1400 BTU/hr capacity chiller, a needle valve, a rotameter, a pressure gage, a

reservoir, a filter, a positive displacement pump and 11 valves.
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— -] V-612 %
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Figure 3.16: Picture of the Teca chiller installed in the secondary water loop.
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The rated power for this Teca chiller (Figure 3.16) is 410 W at 0 °C Delta T. It is
designed to work under ambient temperature not higher than 50 °C. There is no built-in
compressor since it is a thermoelectric type of refrigeration system. It has an integral PID
"tunable" temperature control. This unit comes with low pressure drop fluid quick
connects. In addition, a self priming pump/reservoir is installed inside this Teca chiller.
Per our specific request, the built-in pump was removed. This decision was made in order
to be able to pump cooling water at a high pressure drop due to high pipe friction losses.
According to the manufacturer's specs, the rated electric current is 7 A and the fluid
temperature range is from -5 to 65 °C. This means that it can operate not only as a heat

sink but also as a heat source.

Figure 3.17: Needle valve used for accurate and repeatable flow control.

The needle valve (V-603 in Figure 3.15) is mounted just before the flow meter
(FLR-601) to enable precision flow control. A finely threaded needle, or tapered plug, on
the end of the valve stem functions as the control. The tapered part of the needle is
smaller than the orifice and seats after passing through the orifice, allowing for a very
gradual increase or decrease in the size of the opening. Cv factor (coefficient of volume)
is the amount of water (in GPM) that will pass through a fully open valve at 1 psi with 1
specific gravity (60 °F). For pressure drops other than 1 psi, we can state that Cv factor
for this valve is 0.78. It has a 3/8 inches pipe size NPT(F) connections. The orifice
diameter is 0.219 inches. Temperature range is from -15 to 400 °F. For this valve (Figure

3.17), made of a brass material, the maximum pressure is 2000 psi at 400 °F.
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Figure 3.18: Water flow meter located at the exit of the Teca chiller.

The FLR-601 rotameter (Figure 3.18) for water flow measurement has a 2 GPM
full scale with an accuracy of £5% FS. It has a cast acrylic tube, a type 316 stainless steel
float, and Viton O-rings. The maximum pressure is 150 psi at 70° F. The maximum

working temperature for water is 120° F. It has 3/8 inches NPT (F) pipe size connections.

Figure 3.19: Water filter at the secondary cooling water loop.

The water filter (Figure 3.19) WF-601 has smaller housing and cartridge that
provides lower dirt holding capacity. Both housing and cartridge are made of FDA-grade
materials. It includes a pressure-release button for safe cartridge replacement. This filter
can work with any double open-end (DOE) filter cartridge with the same OD and length.
Its connections are 3/4 inch pipe size NPT males. This filter can stand a maximum flow
of 25 GPM, maximum pressure of 150 psi and maximum temperature of 200 F. The filter
material is glass filled polypropylene with 316 stainless steel screen, micron rating of
533.
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Figure 3.20: Diaphragm pump for the Teca chiller loop.

The diaphragm pump (Figure 3.20) shown in Figure 3.15 has a capacity of 4.0
GPM open flow. It has Viton® valves, Santoprene® diaphragm, 25 psi demand switch,
40 psi off switch and 1/2" NPT (M) ports. This pump can self prime up to 10 vertical lift
feet. It has a built-in check valve. Its motor is ready for continuous duty. Electric motor

power supply is 120 V, single phase and 1.8 A.

The reservoir (Figure 3.21) is made of carbon steel and shown in Figure 3.15. The
total volume is 3100 in®. The inner diameter and the height are 10 inches. This tank is

painted with synthetic resin to provide corrosion resistant.
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Figure 3.21: Water tank installed at the highest point of the secondary cooling loop.

Valves V-603, V-605, V-606, V-607, V-608, V-609, V-610, V-611 and V-612
from Figure 3.15 are WOG ball type with 5/8 inches NPT (F) connections. 2 valves (V-
604 and V-601) are WOG gate type with 1/2 inches NPT (F) connections. Valve V-602 is
pneumatic actuated type. Flexible but high pressure resistant clear tubes of 3/8 inches
inner diameter were utilized in this loop. Brass barbed fittings suitable for this dimension
were used as needed. To ensure good performance, insulating foams were applied on

tubes where cooling water was flowing.

A pressure gage of 30 psi full scale (PG-601) is installed after the diaphragm
pump in order to verify flow pressure at the inlet of the Teca chiller.

3.2.50peration

To run this loop, Teca chiller and diaphragm pump need to be turn on after
ensuring the loop is water filled. Since there is no flow control in this loop, a fixed

volume flow rate is attained. Temperature of the cooling water can be PID controlled
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through the built-in digital temperature controller. For standard operation, valves V-601,
V-602, V-604, V-605 and V-606 should be kept open in order to allow cooling water
flow through tank and filter. For maintenance work, all drain valves must be opened (V-
610, V-611 and V-612) and water filter (WF-601) cartridge must be replaced when
necessary. A case for which a flow by-pass is needed, in Figure 3.15 V-605 should be
closed and V-608 should be opened. This will skip the cooling water flow through the
reservoir and the filter. The purpose of VV-609 valve is to protect the reservoir from
overflowing and therefore it should always be kept open. V-612 should be opened only
when this loop is re-filling with water. This will ensure no trapped bubbles are in the line.

Again, only distilled water use is allowed for this loop.

3.2.6Recommendations

Another pressure gage installed before the diaphragm pump will help in
monitoring the pump performance. A valve after the tank will help filter removal for

maintenance. Valve V-607 may be removed and V-609 should be discharging to a sink.

3.3 Complete Condensation Refrigerant Loop

This experimental set-up for condensing flow is an improvement of a previous
work by Siemionko®” and is schematically shown later on in Figure 3.22. In this
configuration, experiments with full condensation mode was conducted i.e., no liquid-
vapor mixture left the vertical tube condenser. Refrigerant used for all experimental runs
were pure FC-72 (3M Corp.). Refrigerant vapor is generated from an evaporator and
admitted to the cylindrical tube condenser (test section) mounted vertically where all the
vapor condenses and leaves the test section as pure liquid. The exit of the test section is
connected to a tank (L/V separator) filled with liquid FC-72. A peristaltic pump (pump
100) is responsible to drive the liquid flow from this tank back to the evaporator.
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Figure 3.22: Schematic of the complete condensation refrigerant loop.

3.3.1Evaporator

Details of the evaporator design are shown in Figure (3.23). The 0.02 m® capacity
evaporator was fabricated from stainless steel and the maximum designed working
pressure is 50 psia. At start-up, the evaporator's refrigerant content is about 500 ml.

Evaporator tank flanges are sealed with the use of a paper gasket combined with silicone.
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Figure 3.23: The evaporator without heat insulators.

The evaporator is heated by a 500 W band heater mounted on the lower outer
surface of the evaporator. Therefore, the refrigerant is not in direct contact with the heat
source. This heater has a 10 inches inner diameter and has power supply specifications of
single phase 120 V at a maximum current of 7.7 A. This, in turn, is electrically connected
in series with a solid state relay (SSR-101) which allows us to actively control the electric
current to the heating element. The relay (Figure 3.24) is rated for 3 A output (maximum
load current) with an input of 3 to 32 DCV (control voltage). The most important

characteristic of this relay is its capability of a linear response to its input.
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Figure 3.24: Solid state relay used for current control.

Evaporator pressure measurement is accomplished through an absolute pressure
transducer APT-101. For details see Table 3.1.

The total accuracy for this transducer (Figure 3.25) includes linearity, hysteresis
and repeatability. The vibration sensitivity at 20 g peak sinusoidal vibration is from 10
Hz to 2000 Hz (1.2" D.A.). The output shall not exceed 0.04% FS/g for 15 psi range to
0.005% FS/g for 100 psi and above. Natural Frequency: >35 kHz for 100 psi range.
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Table 3.1: Technical specifications for the APTs.

Voltage Output

0to5Vdc

Excitation

24 VVdc at 15 mA

Zero Balance

0 Vdc +2% FSO

Accuracy 0.25% FS
Operating Temperature -54 10 121°C
Compensated 120 t0 80°C
Temperature

Thermal Effects

0.04% FS/°C

Proof Pressure

150%

Burst Pressure

300% range max

Response Time

2 ms typical

Gage Type

Diffused silicon
strain gages

Pressure Port

1/4-18 NPT
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